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Abstract 
 
The ever increasing demand for energy has spurred research into alternatives to conventional 
batteries and engines.  Fuel cells have shown promise due to their high energy density and 
efficiency.  Acidic media is conventionally used due to high proton conductivity and rapid anode 
kinetics. In addition, acidic membranes such as Nafion have been well-developed relative to 
alkaline membranes.  Alkaline fuel cells (AFCs) are promising power sources due to superior 
cathode kinetics as compared to acidic media and due to the improved stability of inexpensive 
non-noble metal catalysts.  H2 fuel is conventionally used due to its fast oxidation kinetics, but 
alternate liquid or solid fuels (e.g., methanol, ethanol, NaBH4, ethylene glycol) are being studied 
to achieve higher energy density.  Major limitations for fuel cells have included the high cost of 
Pt catalysts, low power density and efficiency for non-H2 fuels (Chapter 1), and a lack of 
understanding of the complex processes inside operating fuel cells (Chapter 2).  Testing each 
potential configuration in a membrane fuel cell has synthetic difficulties and can be costly; in 
addition, membrane fuel cells are largely limited to whole cell analytical information (e.g. 
polarization and power density curves). 
We have previously used a microfluidic H2/O2 fuel cell as an analytical platform to determine 
the effects of carbonate formation in alkaline fuel cells.  The microfluidic fuel cell has modular 
components that can easily be swapped to test electrodes, electrolyte, or other aspects of the fuel 
cell.  A reference electrode placed at the outlet allows for individual electrode analysis, which is 
not normally possible in conventional membrane-based fuel cells.  External control over the 
electrolyte is possible by flowing in fresh electrolyte using a syringe pump.  Previously, we have 
used this cell to examine cathode catalysts, electrode degradation, and carbonate poisoning.  In 
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addition, we have developed an analytical method to better interpret microfluidic fuel cell results 
(Chapter 2). 
Using the microfluidic H2/O2 fuel cell, the focus of this work is to provide insight and 
development in several areas: 
 (Chapter 3) determines the effect of ethanol contamination under operational conditions 
in an alkaline fuel cell. 
 (Chapter 4) examines the role of hydrophobicity and other anode parameters in alkaline 
media and describes improvements to electrode performance. 
 (Chapter 5) shows analysis and development of a novel Cu-centered catalyst in acidic 
media and determines limiting factors for scaling catalysts from RDEs to fuel cells. 
 (Chapter 6) chronicles the development of a laminar-flow fuel cell compatible with two 
gas streams and demonstrates applications for power generation and contaminant analysis  
 (Chapter 7) evaluates a Fe-N catalyst in acidic and alkaline media, both under normal 
conditions and in the presence of contaminants. 
These results aid the development and understanding of fuel cell catalysis, as well as 
identification of key parameters determining the viability of fuel cell systems. 
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Chapter 1: Fuel cell background and applications 
1.1 Introduction 
Energy demand is ever-rising due to the increasing need for portable power, which can only 
be partially fulfilled by batteries [1, 2].  Fuel cells have shown promise due to their high energy 
density and efficiency [3].  A fuel cell is a device that converts chemical energy directly to 
electrical energy, bypassing the efficiency limitations of the Carnot cycle [3-5].  The improved 
energy density relative to batteries, by virtue of storing energy in chemical form, allows for 
longer operational lifetimes [6], even when considering the lost volume used for the electrodes.    
The media (acidic or alkaline), fuel, catalyst, and overall design all play a major role in 
determining the properties and applications for a given fuel cell; the properties of each 
configuration, with respect to low temperature fuel cells, are discussed in the following sections. 
1.2 Acidic fuel cells 
 Acidic media has been considered the standard for fuel cells since the development of robust 
Nafion membranes [3, 7, 8].  In an acidic fuel cell, the electrolyte (an aqueous liquid or solid 
membrane) is acidic and thus conducts protons from the anode to the cathode.  The anode 
reaction for a H2 fuel cell (Figure 1) is a very fast unimolecular reaction and is typically 
catalyzed by Pt.  The H2 gas splits into two protons and two electrons in hydrogen oxidation 
reaction (HOR) (Equation 1.1).  The electrons travel through the circuit to the other side of the 
cell, generating current.  The protons travel through the electrolyte to the cathode, where they 
react with O2 and the electrons in the oxygen reduction reaction (ORR) (Equation 1.2).  The net 
reaction is equivalent to the combustion of H2 with O2 to form H2O, but the pathway involved 
allows for a much greater efficiency, up to 83% in the case of H2 (Equation 1.3) [3].  Burning the 
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H2 would produce heat, which would then be converted inefficiently into electricity; this 
limitation gives fuel cells their most significant advantage over engines [3]. 
 
 
Figure 1.1: Schematic of an acidic H2-O2 fuel cell 
 2H2 → 4H
+
 + 4e
-
 (1.1) 
 O2 + 4H
+
 + 4e
- → 2H2O (1.2) 
 2H2 + O2 → 2H2O (1.3) 
 Acidic fuel cells use an electrolyte typically around pH 0, which is highly corrosive to metals 
[9].  These harsh conditions restrict acidic media catalysis to Pt, Pt-alloys, and a few other metals 
(e.g.) Ru; in addition, some of these alloys are not as stable as Pt itself [10, 11].  However, acidic 
fuel cells are relatively robust, in that acids are resistant to degradation by atmospheric 
conditions, and the acidic membrane Nafion is a well-established option for proton conduction 
[12].  Kinetically, the focus in acidic media is on the cathode reaction, which is the dominant 
source of losses [8]. 
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1.3 Alkaline fuel cells 
 Alkaline fuel cells are the prime alternative to acidic fuel cells.  (Neutral fuel cells are not 
generally considered, as a charge carrier is required for fuel cell operation and H
+
 and OH
-
 are 
the most conductive cation and anion in aqueous solution [13]).  In an alkaline fuel cell, the 
reactions both shift downward in voltage by 0.83 V [4], although  the overall cell voltage 
remains the same.   At the anode, H2 reacts with 2OH
-
 to be oxidized to H2O and 2e
- 
(Equation 
1.4); the electrons still travel across the circuit, while the H2O travels to the cathode side (Figure 
1.2).  On the cathode side, O2 reacts with 2H2O and 4e
-
 to form 4 OH
-
.  Again, the net reaction is 
of hydrogen combustion (Equation 1.3). 
 
Figure 1.2: Schematic of an alkaline H2-O2 fuel cell 
 2H2 + 4OH
-
 → 2H2O + 4e
-
 (1.4) 
 O2 + 2H2O + 4e
- → 4OH- (1.5) 
Alkaline fuel cells have been demonstrated in exotic applications such as the space shuttle 
[3].  In terrestrial applications, they have been historically limited by the problem of carbonate 
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formation; however, this problem can be eliminated or mitigated by using soda lime scrubbing 
[14], a carbonate-conducting membrane [15], or a flowing electrolyte stream [16].  The less 
corrosive electrolyte is a major advantage of alkaline fuel cells, allowing for the use of transition 
metal catalysts [5].  In addition, alkaline fuel cells have higher activity for the cathode reaction 
[4, 17] and the oxidation (anode) reaction for many fuels [18].  Remaining disadvantages include 
the lower conductivity of OH
-
 as compared to H
+
 [13] and the considerably slower anode 
reaction in alkaline media [16]; in addition, membranes are not nearly as developed for alkaline 
media [19, 20].  Overall, H2 fuel cells generate less power in alkaline media than in acidic media 
in most cases [21]. 
1.4 Catalysis 
The catalyst of choice in H2 fuel cell applications is Pt for both the cathode and anode [4, 8, 
22].  Alternatives in acidic media are limited to a few choices, among them Ru-based catalysts 
and Fe-N or Cu-N pyrolyzed catalysts [11, 23, 24].  These alternatives are also largely restricted 
to the cathode.  Alkaline media offers many more cathode alternatives, among them Pd, Ag, and 
Cu triazole [4, 5, 25-28].  In addition, nickel can be used at the anode instead of Pt [29].  Non-Pt 
catalysts generally suffer from lower performance, but often have higher selectivity to partially 
offset this disadvantage; in a H2-O2 fuel cell, the need for selectivity is generally rather small 
under ideal operating conditions [4, 5].  These catalysts are generally evaluated ex-situ in rotating 
disk electrode (RDE) experiments [25, 30], which do not closely resemble actual fuel cell 
operating conditions [17]. 
1.5 Fuels 
 Hydrogen is the standard fuel due to its rapid oxidation kinetics and low voltage loss from 
crossover [3].  The most common alternative to H2 is methanol, which has a much higher energy 
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density due to being stored as a liquid and undergoing a 6 e
-
 oxidation [11, 31, 32].  However, 
anode catalysis for methanol is generally restricted to expensive PtRu catalysts and is much 
slower than H2 [18].  Ethanol is a promising fuel with very high energy density (2/3 that of 
gasoline) and is available through organic and inorganic synthesis [33, 34].  However, anode 
catalysis for ethanol is very slow and the most common catalysts yield <10% full oxidation [33-
35].  Ethylene glycol shows better kinetics than ethanol and has a competitive energy density, 
but still relies on expensive anode catalysts [36].  NaBH4 is a fuel with a large theoretical voltage 
(1.64 V) and relatively fast oxidation kinetics compared to other solid or liquid fuels [36, 37].  
The major disadvantage of NaBH4 is its high cost, along with problems from fuel crossover [36].  
For solid or liquid fuels, fuel crossover is almost inevitably a problem to some degree, making 
the two major problems for most non-H2 fuels anode catalysis and fuel crossover.  For H2, the 
flaw is the poor volumetric storage density of H2, although substantial research is addressing this 
issue through metal hydride storage, adsorption, and fuel reforming [18, 38].  No single fuel is 
optimal for all applications, so the right choice is often a balance between higher energy density 
and lower cost (from the quantity and type of catalyst and catalytic area). 
1.6 Challenges in fuel cell development and application 
Some of the major remaining challenges for fuel cell development are the high cost of Pt 
catalysts and contamination of catalyst by fuels, reaction products, and external contaminants.  
An additional and related challenge is developing sound understanding of in-situ fuel cell 
behavior.  Addressing all three of these challenges is the focus of this thesis.  Methods to develop 
understanding of fuel cell behavior are discussed in further detail in Chapter 2. 
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Chapter 2: Capabilities for determining catalyst and 
electrode properties1 
2.1 Introduction 
 Fuel cells are known as portable power sources due to high efficiency relative to engines and 
high energy density relative to batteries [1-4].  Fuel cell have already been commercialized to a 
limited degree in niche applications, such as power generation for television cameras [5].  
Further commercialization has been hampered by the high cost of Pt catalysts, crossover and 
kinetic losses from non-H2 fuels, and a lack of detailed understanding of catalyst performance in-
situ [1, 6, 7].  These problems are intertwined, in that improved understanding can assist catalyst 
development and non-Pt catalysts can reduce or eliminate negative effects due to fuel crossover 
[2, 3].  Analytical fuel cell studies are an intense area of ongoing research; the key methods 
involved are discussed in the following section. 
2.2 Catalyst screening and fuel cell analysis methods 
Fuel cell catalysts are commonly screened using a rotating disk electrode (RDE), which 
contains a small amount of catalyst (< 0.1 mg/cm
2
) and is rotated in a dilute solution of 
electrolyte to control mass transport to the surface [8, 9].  This method is designed to isolate the 
kinetic behavior of various catalysts, but the low loadings and low electrolyte concentrations 
used in these setups limit the ability to predict catalyst performance in a fuel cell under typical 
operational conditions.  More recently, in a promising method reported by Kucernak et al., gases 
(i.e. hydrogen or oxygen) are guided over a membrane-mounted electrode, in contrast with the 
use of dissolved gases in RDE experiments.  The use of gaseous reactants allows the system to 
                                                 
1
 Some of this work has been published previously in: Naughton MS, Moradia AA, Kenis PJA. Quantitative 
Analysis of Single-Electrode Plots to Understand In-Situ Behavior of Individual Electrodes. Journal of the 
Electrochemical Society. 2012;159:B761-B9.  Reproduced with permission from JECS. 
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reach higher current densities than can be obtained with a RDE configuration [10].  While this 
method better resembles an actual fuel cell, the results are still catalyst-oriented, and some 
reported conclusions about the superiority of Pt black over Pt/C (in terms of specific activity) 
would be misleading, given that Pt/C performs better in an actual fuel cell [11]. 
Electrochemical half cells have also been used to study fuel cell components, but these half 
cells suffer from many of the same weaknesses as RDEs.  Half cell experiments typically use 
gases bubbled through solution and a Pt counter electrode [12, 13].  While it is possible to test 
electrodes in these types of setups, the differing method of gas delivery may lead to results that 
often do not correlate well with results obtained in fuel cell experiments [14]. 
Existing methods to characterize overall fuel cell performance include measurement of 
polarization curves, which plot voltage versus current.  These curves have three different 
regions: (i) a kinetic region, in which activation losses dominate the cell behavior; (ii) an ohmic 
region, in which kinetic, IR, and mass transport losses all have an effect and the polarization 
curve is roughly linear; and (iii) a mass transport region, where losses from the insufficient 
supply of reactant(s) cause a significant divergence from the ohmic region of the polarization 
curve [15].  While polarization curves are highly accurate, they are specific to the fuel cell tested, 
and much variance in performance occurs due to varying operating conditions.  Furthermore, the 
overall polarization curve does not distinguish between the performance of the different 
individual electrodes, so identification of the electrode(s) responsible for any identified 
activation or mass transport losses is difficult.  Fuel cell polarization curves can be modeled 
based on kinetic/ohmic parameters, as has been done previously by, for example, Kim et al. and 
Yoon et al. [16, 17], but the parameters resulting from these models may be artificial, since they 
are not based on experimentally measured individual electrode performance. 
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Electrochemical impedance spectroscopy (EIS) is frequently used to gain deeper 
understanding of fuel cell behavior.  EIS uses an AC current to cause disturbances in the cell that 
can ultimately be interpreted to obtain Rcell, the internal cell resistance due to electrolyte and 
contact resistances, and Rct, the charge transfer resistance due to kinetic losses [15].  Impedance 
is a valuable tool for interpreting overall cell performance, but it is specific to a given cell and 
does not distinguish between different electrodes. 
Reference electrodes are a more direct way to understand individual electrode behavior in an 
operating fuel cell.  A reference electrode is used to determine the potential at each electrode, 
decoupling the effects of anode and cathode behavior.  A Ag/AgCl or a saturated calomel 
electrode is used for a liquid electrolyte fuel cell, while PEM and solid oxide fuel cells typically 
do not use reference electrodes.  A reversible hydrogen electrode (RHE) can be embedded with 
membranes [14, 18, 19], although their accuracy is highly dependent on electrode alignment [20-
23].  Anion-exchange membrane fuel cells (AEM) [19] and solid oxide fuel cells can also use 
reference electrodes with the same requirement of proper alignment [20, 23].  With even more 
synthesis, double reference electrodes with a > 0.5 mm electrode offset have been demonstrated 
to yield IR-corrected potentials within a PEM fuel cell [24, 25].  These methods are very 
powerful ways to provide direct information about electrode performance, although the 
cumbersome need to fabricate/integrate a reference electrode within non-liquid fuel cells has 
limited their usage. 
All these methods have their advantages in specific scenarios.   RDE experiments and 
polarization / power density curves in particular are an integral part of fuel cell studies.  
However, these methods often show gaps for translating results to a fuel cell, in the case of 
RDEs and half cell studies [26, 27].  Other methods correlate well with fuel cell performance, 
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such as polarization curves, power density curves, and two electrode plots, but have difficulty 
decoupling the complex kinetic, ohmic, and mass transport phenomena that govern fuel cell 
behavior [6].  These methods are best used in conjunction to gain maximum understanding of 
fuel cell processes. 
2.3 Microfluidic hydrogen-oxygen fuel cells as analytical platforms 
We have previously developed a microfluidic H2-O2 fuel cell as an analytical platform to 
analyze catalysts and electrodes [26, 28].  This fuel cell has a flowing electrolyte that is 
externally controlled, allowing for facile adjustment of pH and composition [26, 29].  This 
electrolyte allows for the addition of a reference electrode [30], which yields individual 
information about the anode and cathode [26].  Previously, this cell was used for the controlled 
introduction of carbonates into an alkaline fuel cell, which was studied using polarization / 
power density curves, impedance spectroscopy, and two electrode plots [6, 27].  In addition, this 
cell is rebuilt for every experiment; this modular design enables rapid testing of electrodes with 
novel PtCoMo and Cu triazole catalysts [31, 32] and coupled visualization and electrochemical 
characterization of electrodes through MicroCT [27, 33].  The O2 chamber can be replaced with 
an air-breathing window to better simulate real world performance conditions [29].  The 
confluence of these capabilities yields the versatility of a three-electrode cell within an operating 
fuel cell and more [26, 27]. 
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Figure 2.1: Diagram of a microfluidic fuel cell with a flowing alkaline electrolyte. 
 
 While these studies offer substantial insight into the workings of the fuel cell, they are 
typically limited to qualitative measurements when analyzing individual electrode performance 
inside the fuel cell [6].  To improve the analytical resolution of these studies, we developed an 
analytical method based around quantifying the potentials of individual electrodes and the causes 
for the resulting shifts, which is discussed in the following section [6]. 
2.4 Quantitative analysis of individual electrode plots 
First, we applied the analytical method by tracking individual electrodes simultaneously 
using a reference electrode, which yields the potential of each electrode.  Each electrode 
potential is plotted as overpotential.  The overpotential is defined versus the equilibrium potential 
for the reaction.  Equilibrium potentials under alkaline conditions, at pH 14, are -0.83 V vs. RHE 
for the anode and 0.4 V vs. RHE for the cathode, and are then shifted by -59 mV per increase of 
one pH unit [1, 34].  A potential increase for the anode or a potential decrease for the cathode is 
considered to be positive overpotential which is thus associated with a decrease in the voltage of 
the fuel cell.  These single-electrode overpotential plots display the qualitative kinetic, ohmic, 
and mass transport regions found on a regular, overall fuel cell IV curve.  Figure 2.2 shows 
sample single-electrode plots for Pt electrodes tested in a microfluidic fuel cell (Figure 1) and 
operated with a 1 M KOH electrolyte, which roughly corresponds with the concentration of 
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anions in an alkaline membrane.  The kinetic losses shown in the polarization curve primarily 
come from the cathode, while the mass transport losses are due to the anode.  As a result, the 
overpotential losses for the anode actually exceed the losses from the cathode for these two 
electrodes at high current densities, where mass transport losses become significant.  In acidic 
media, particularly for a PEM fuel cell, the overpotential losses for the anode are insignificant 
due to the very fast kinetics [1] and any losses are typically attributed to the cathode.  However, 
for alkaline media, these results demonstrate that hydrogen oxidation cannot be neglected in full 
cell analysis, and are supported by research with RDEs and in AEM fuel cells [9, 19], along with 
our previous research [27, 29]. 
 
 
Figure 2.2: (a) Polarization curve and (b-c) single-electrode plots for a Pt/Pt alkaline fuel cell. 
Solid data points are used for the cathode while hollow points are used for the anode.  
Electrolyte: 1 M KOH.  Electrolyte flow rate: 0.3 ml/min.  H2/O2 feeds: 10 SCCM.  At room 
temperature. 
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Quantitative data can be extracted from these plots to isolate behavior within a cell.  This 
data is based on Equation 2.1, which is a linear approximation for the electrode overpotential as a 
function of Rohmic, ηkinetic, and I: 
                     (2.1) 
Where ΔV = electrode overpotential (V) 
 Rohmic = ohmic resistance (Ω-cm
2
) 
 I = current supplied by cell (mA/cm
2
) 
 ηkinetic = voltage loss due to kinetics (V) 
 
To find Rohmic and ηkinetic (V), a linear fit, applied in the ohmic region, will produce the slope 
Rohmic and the intercept ηkinetic.  Rohmic contains information about the electrolyte and electrode 
resistances, along with the mass transport losses; this parameter is not exclusively based on 
electrical resistance, but rather is the apparent resistance in the ohmic region.  ηkinetic contains 
information about kinetic/activation losses.  Together, the absolute and relative values of these 
parameters yield detailed information about the causes and effects of fuel cell behavior that goes 
beyond the information that can garnered from typical polarization curves, impedance 
measurements, or two-electrode plots.  This method was used to study several comparative fuel 
cell studies of mass transport, ohmic, and kinetic phenomena [6]. 
2.5 Topics studied in this thesis 
To further develop this preliminary work, this thesis provides essential insights into the 
following areas of study: 
 Determine the effect of ethanol contamination under operational conditions in an alkaline 
fuel cell (Chapter 3) 
 Examine the role of hydrophobicity and other anode parameters in alkaline media and 
improve performance (Chapter 4) 
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 Analyze and develop a novel Cu-centered catalyst in acidic media and determine limiting 
factors for scaling catalysts from RDEs to fuel cells  (Chapter 5) 
 Develop a laminar-flow fuel cell compatible with two gas streams and demonstrate 
applications for power generation and contaminant analysis (Chapter 6) 
 Evaluate a Fe-N catalyst in acidic and alkaline media, both under normal conditions and  
in the presence of contaminants (Chapter 7) 
These results will aid the development and understanding of fuel cell catalysts, as well as the 
identification of key parameters determining the viability of fuel cell systems.  In addition, these 
results will also assist the development of several alternatives for portable power generation. 
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Chapter 3: In-situ measurement of ethanol tolerance 
in an operating fuel cell
2
 
 
3.1 Introduction 
Direct ethanol fuel cells are emerging as promising power sources due to the availability of 
bioethanol [1, 2].  Ethanol is a liquid at ambient conditions, is relatively non-toxic, and has a 
high theoretical energy density of 8.0 kWh/kg [3, 4].  Furthermore, fuel cells are inherently more 
efficient than, for example, combustion-based power generation processes [5].  The use of 
carbon-based fuels in alkaline fuel cells has historically been limited by carbonate formation 
from CO2, which has prevented long-term operation in alkaline media [5-7].  More recently, 
alkaline membrane-based fuel cells have emerged to counteract the problem of carbonate 
formation [1, 4, 8, 9].  Full electro-oxidation of ethanol still remains a challenge. 
In a fuel cell, ethanol can fully oxidize to carbon dioxide, producing 12 electrons, or partially 
oxidize to acetaldehyde or acetic acid, producing two or four electrons respectively [4, 10].  Full 
or partial ethanol oxidation also produces water.  Common ethanol oxidation catalysts are based 
on Pt in acidic or alkaline media or Pd in alkaline media, but novel catalysts based on other 
metals are still being developed [11, 12].  The commonly used PtRu and PtSn anode catalysts are 
relatively unselective for full oxidation, producing less than 11% CO2 [4].  For example, an 
alkaline fuel cell with a PtSn anode was >90% selective for the formation of acetic acid when 
operated at a current density of 20 mA/cm
2
, while the same configuration operated at 60 mA/cm
2
 
produced acetic acid as well as acetaldehyde in significant amounts [4].  Thus, a complete 
analysis of ethanol tolerance should also include an analysis of acetic acid tolerance. 
                                                 
2
 This work is contained within a manuscript: Naughton MS, Tornow CE, Bonita Y, Jhong HR, Brushett FR, 
Gewirth AA, Kenis PJA. In-situ measurement of ethanol tolerance in an operating fuel cell. This manuscript has 
been submitted to the International Journal of Hydrogen Energy 
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While much research has focused on improved anode catalysis for ethanol fuel cells, ethanol-
tolerant cathode catalysts are also a key to maximizing direct ethanol fuel cell performance and 
efficiency [11].  Ethanol crossover from the anode can cause mixed potentials at the cathode, 
reducing cathode performance and fuel utilization.   This problem is aggravated with higher 
ethanol concentrations, even though those concentrations may be necessary for better anode 
kinetics.  As a result, cathode catalysts that exhibit selectivity towards the oxygen reduction 
reaction (ORR) and are unaffected by the presence of ethanol or its degradation products are 
essential for high-performance direct ethanol fuel cells.   
Prior work to analyze cathode performance in the presence of ethanol has largely been 
limited to ex-situ rotating disk electrode (RDE) experiments, which do not accurately replicate 
fuel cell operating conditions [13]. For example, work by Jiang et al. showed that Pt/C onset 
potential in O2-saturated 0.1 M NaOH dropped by approximately 0.07 V in the presence of 0.05 
M EtOH.[14]  While this result illustrates the sensitivity of Pt to ethanol poisoning, the solubility 
of O2 in pure water is only 1.25 mM, which is far lower than the 40 mM supply from convected 
O2 or the 8 mM supply of O2 from convected air, and indicates an unfavorable ethanol to O2 
molar ratio of 40 [15].  Additionally, an alkaline membrane or liquid fuel cell would typically 
contain a hydroxyl concentration of 1 M or greater (pH ≥14), instead of the pH 13 found in these 
RDE experiments.   While membrane-based systems intrinsically operate under fuel cell 
conditions, precise manipulation of the electrolyte is considerably more difficult than it is in 
liquid electrolyte-based systems, and the lack of a reference electrode inhibits differentiation 
between anode and cathode effects. 
Similarly, ethanol tolerance of electrodes is also important for hydrogen fuel cells that 
receive their H2 feed from the reforming of ethanol.    Ethanol is a means to store hydrogen in the 
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liquid phase, but contamination of the hydrogen fuel feed with ethanol and byproducts such as 
acetic acid have prevented system implementation to date [16, 17].  In addition, the loss in 
performance due to ethanol and acetic acid contamination within an operating H2 fuel cell has 
not been quantified. 
Here, we use a microfluidic hydrogen-oxygen (H2/O2) fuel cell with a flowing alkaline 
electrolyte stream [18-20] to characterize and quantify the effect of ethanol contaminant on Pt 
[4], Ag [7], and Cu triazole[21] electrodes.  Although these catalysts have been tested in various 
fuel cell setups, they have not been compared to each other in the presence of ethanol within an 
operating fuel cell.  Determination of cathode performance in-situ, in an actual fuel cell, is a 
more accurate means to determine relative performance and discover which catalyst gives better 
performance at realistic operating conditions.  The use of a hydrogen fuel cell here, instead of a 
direct ethanol fuel cell, allows us to achieve higher current densities at the cathode and control 
the amount of ethanol, as a contaminant, in the cell.  We have previously developed an analytical 
method based on the use of a reference electrode[22] to quantify single electrode behavior within 
an operating fuel cell [23], which is used here to quantify the effects of  ethanol and acetic acid 
contamination for cathodes and anodes.  Using this method, we determine whether the expensive 
Pt catalyst or the non-noble metal alternative Ag is superior for a given ethanol concentration 
and we demonstrate the ability to screen new cathode catalysts by quantifying the effect of 
ethanol on Cu triazole.  We also discuss the importance of the ethanol to oxygen molar ratio 
when determining ethanol tolerance. 
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3.2 Experimental 
3.2.1 Gas diffusion electrode preparation 
For Pt and Ag, commercially available Pt/C (50% mass on Vulcan carbon, E-Tek) or Ag/C 
(60% mass on Vulcan carbon, E-Tek) were used as electrode catalysts.  For Cu triazole, the 
catalyst was prepared using the procedure developed by Thorum et al., except that centrifugation 
was used instead of suction filtration.[24] In brief, CuSO4 (Aldrich) was sonicated with Vulcan 
XC-72 in water; a solution of 3,5-diamino-1,2,4-triazole (Aldrich) was then added dropwise and 
the solution was again sonicated. The catalyst was centrifuged to remove the supernatant and 
dried under vacuum at 90°C [24].  The copper loading of the Cu triazole/C was determined by 
elemental analysis using an ELAN DRCe ICP-MS (Dynamic Reaction Cell Inductively Coupled 
Plasma-Mass Spectrometer) (Perkin Elmer SCIEX) to be 2.84 wt%, which is lower than the 
previously used Cu loading of 3.76 wt%.  The N:Cu ratio was 4.91:1, which matches the N:Cu 
ratio of 5:1 calculated from the crystal structure. A 30:1 ratio of catalyst to Nafion was used as 
the catalyst binder such that catalyst inks were prepared by mixing a total of 8.0 mg of Pt/C or 
27 mg of Ag/C and 6.13 μL or 20.4 μL of 5 wt% Nafion solution (DuPont), respectively [19, 21].  
200 µL of DI water and 200 µL of isopropyl alcohol (Fisher Scientific) were added as carrier 
solvents.  The catalyst inks were sonicated (Branson 3510) for 1 hr to obtain a uniform mixture, 
which was then hand-painted onto 4 cm
2
 of the hydrophobized carbon side of a carbon paper gas 
diffusion layer (35 BC, SGL carbon group) to create a gas diffusion electrode (GDE).  The final 
catalyst loading was 1 mg/cm
2
 of Pt (50% mass Pt) for the anode and 1 mg/cm
2
 of Pt (50% mass 
Pt), 4 mg/cm
2
 of Ag (60% mass Ag), or 4 mg/cm
2
 of Cu triazole/C for the cathode. 
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3.2.2 Fuel cell assembly and testing 
To assemble the fuel cell, shown in Figure 3.1, the cathode (Pt/C or Ag/C) and the anode 
(Pt/C) were placed on the opposite sides of a 0.1-cm or 0.2-cm thick polymethylmethacrylate 
(PMMA) window, such that the catalyst-coated GDE sides face the 3-cm long and 0.33-cm wide 
window machined in PMMA [19].  The microfluidic chamber volume was 0.2 ml.  The window 
has one inlet and one outlet from the side for the electrolyte flow, aqueous solutions of potassium 
hydroxide (KOH, Sigma-Aldrich, 85 %, balance of H2O) or sulfuric acid (H2SO4, Mallinckrodt, 
95-98%, balance of H2O).  Two 1-mm thick graphite windows were used as current collectors.  
Polycarbonate gas flow chambers (5 cm (L) x 1 cm (W) x 0.5 cm (H)) were used to introduce 
both hydrogen and oxygen gases (laboratory grade, S.J. Smith), at 10 sccm each.  In both cases, 
the multilayer assemblies were held together with binder clips (Highmark).  Fuel cell testing was 
conducted using a potentiostat (Autolab PGSTA-30, EcoChemie) at room temperature.  For all 
studies, electrolyte flow rate was maintained at 0.3 mL min
-1
 using a syringe pump (2000 PHD, 
Harvard Apparatus) [18].  Prior to experiments using the Ag cathode, the fuel cell was operated 
at 0.3 V for 20 min to activate the catalyst [25].  Fuel cell polarization curves were obtained by 
measuring steady-state currents at different cell potentials using General Purpose 
Electrochemical System (GPES) software (EcoChemie).  The exposed geometric surface area of 
the electrode (1 cm
2
) was used to calculate the current and power densities.  A reference 
electrode (Ag/AgCl in saturated NaCl, BASi) was placed at the outlet of the electrolyte stream to 
allow for the independent analysis of polarization losses on the cathode and the anode [22].  The 
reference electrode was fitted with a polyethylene frit (Princeton Applied Research) in place of 
the original Vycor® frit to prevent corrosion and contamination in alkaline media.  After each 
experiment, the fuel cell was disassembled and the electrodes were rinsed with deionized water, 
then dried under a laboratory fume hood. 
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Figure 3.1: Diagram of a microfluidic fuel cell with a flowing alkaline electrolyte. 
 
3.2.3 Rotating ring-disk electrode (RRDE) 
A catalyst ink containing Pt/C (1.0 mg mL
-1
) (20% mass on Vulcan carbon, E-Tek) was 
prepared with Nafion solution (4 μL mL-1 5%, Aldrich) in water and briefly sonicated.  A 20-μL 
drop was deposited onto a polished (0.05 μ alumina) glassy carbon disk (0.196 cm2) with a Pt 
ring (Pine Instruments) and dried under a stream of Ar.  Electrochemical measurements were 
collected using a CHI 760D bipotentiostat (CH Instruments) using a Pt gauze counter electrode 
and a “no-leak” Ag/AgCl reference electrode (Cypress Systems), separated from the RRDE by a 
Luggin capillary.  The reference electrode was calibrated to the RHE scale by saturating the cell 
with H2 and measuring the open circuit potential at the Pt ring electrode.   
3.2.4 Conductivity measurements  
The room temperature conductivity of electrolyte solutions was measured with an 
pH/conductivity meter (Thermo Scientific - Orion 4 star) using a two-electrode conductivity cell 
(Duraprobe 018020MD).  Before measurement, the conductivity cell was triple rinsed with 
deionized water and calibrated with a 1 M KCl solution with a conductivity of 111.9 mS cm
-1
. 
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3.3 Results and discussion 
Several catalysts that have shown promise for oxygen reduction in alkaline media are tested 
here.  Platinum is known to have high activity in alkaline media and is typically used as a 
performance standard [7, 26].  However, platinum also catalyzes the oxidation of fuels such as 
ethanol and other alcohols, and as a result non-Pt catalysts that are more selective toward oxygen 
reduction have gained increasing attention [1, 12, 27].  Silver is stable in alkaline media, much 
cheaper than platinum, and unlike platinum it does not catalyze ethanol oxidation [12, 26].  The 
disadvantage of silver relative to platinum is its lower catalytic activity [7, 18, 26].  Recently, we 
reported on Cu triazole, a biomimetic catalyst, which is highly selective for the ORR [21, 24, 
28].   Cu triazole outperformed silver on a mass activity basis in an alkaline fuel cell.  Here, we 
examine each of these catalysts as a function of ethanol concentration. 
3.3.1 Effect of ethanol on a Pt cathode 
The effect of ethanol on a Pt cathode was tested using the microfluidic fuel cell (Figure 3.1), 
equipped with a Pt anode as the counter electrode, and operated with hydrogen and oxygen 
reactant feeds.   An aqueous 1 M KOH electrolyte with varying concentrations of ethanol (0, 
0.01, 0.1, and 0.5 M) was continually flowed into the cell between the anode and the cathode.  
The polarization and power density curves exhibit a steady drop in power density with increasing 
ethanol concentration (Figure 3.2).  To further analyze the effects of the ethanol contamination 
on the cathode, we used single electrode plots based on overpotential  as we described previously 
[23].  A linear fit applied to the ohmic region of these single electrode plots yields Rohmic, a 
parameter that contains contributions from kinetic, ohmic, and mass transport effects, as well as 
ηkinetic, a parameter that contains contributions from kinetic and crossover losses [23].  The lack 
of change in cathode performance up to ethanol concentrations of 0.01 M (Figure 3.2b) indicates 
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that the Pt cathode is tolerant up to that point.  While the cathode exposed to 0.01 M EtOH has a 
higher overpotential at zero current, this decrease does not result in inferior performance under 
load.  However, a greater overpotential when the electrode is exposed to 0.1 M EtOH clearly 
indicates a decrease in performance in broad agreement with the voltage loss shown by Jiang et 
al. [14].  Specifically, Rohmic increases by 31% (Table 3.1).  This type of increase in Rohmic but 
almost no change in ηkinetic (Table 3.1) is typically correlated with decreased catalyst utilization 
or decreased reactant transport [23].  In this case, ethanol or its degradation products may be 
blocking catalytic sites or blocking the transport of oxygen to those catalytic sites.  The constant 
ηkinetic may indicate that ethanol is not reacting in significant quantities at the electrode. 
  
Figure 3.2: (a) Power density and polarization curves and (b) cathode overpotential curves as a 
function of current density for varying ethanol concentrations when using a Pt cathode.  Anode: 
Pt/C (1 mg Pt/cm
2
); cathode: Pt/C (1 mg Pt/cm
2
); electrolyte: 1 M KOH; electrolyte flow rate: 
0.6 ml/min;  H2/O2 feeds: 10 SCCM.  At room temperature. 
 
 
Table 3.1: Quantitative fits for Pt cathode with varying [EtOH] 
[EtOH] 
(M) 
cathode 
ηkinetic (V) 
cathode 
Rohmic (Ω-cm
2
) 
anode 
ηkinetic (V) 
anode 
Rohmic (Ω-cm
2
) 
0  0.39 1.01 0.01 1.54 
0.01  0.39 1.03 0.02 1.62 
0.1  0.40 1.33 0.01 1.62 
0.5  0.45 1.25 0.02 1.49 
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The performance of the cathode further degrades in the presence of 0.5 M EtOH, showing a 
0.05 V decrease in ηkinetic.  The corresponding decrease in maximum power density, assuming no 
loss in anode performance, is expected to be equal to the change in ηkinetic divided by the 
potential used to obtain maximum power density.   In this case, a 14% decrease in the maximum 
power density would be predicted, assuming maximum power was obtained at 0.4 V.  The actual 
measured decrease in maximum power density is 20%, caused by a 23% increase in Rohmic 
compared to the initial performance in the absence of ethanol.  This voltage loss of 0.05 is 
similar to the 0.07 V loss observed in the RDE system of Jiang et al. [14]. Although the absolute 
amount of ethanol in that system is only 0.05 M EtOH, our system operating with 0.5 M EtOH 
and pure oxygen actually has a smaller ethanol to oxygen molar ratio of 12.5 as compared to the 
RDE ethanol to oxygen molar ratio of 40.  The relative amounts of contaminant and oxidant, 
here oxygen, in the system play a key role in determining the electrode tolerance.  These results 
demonstrate that ethanol crossover substantially affects Pt cathode performance, necessitating a 
barrier between the ethanol feed and the cathode if a Pt cathode is used. 
3.3.2 Effect of ethanol on a Ag cathode  
Ag is a common cathode catalyst in alkaline media and, as a non Pt-group metal, is less 
likely to be affected by the presence of ethanol.  To determine the effect of ethanol on Ag 
electrode performance, the microfluidic fuel cell was operated as before using 1 M KOH 
electrolyte with ethanol concentrations up to 5 M.  Figure 3.3a shows that the Ag cathode is 
insensitive to ethanol at concentrations up to 5 M.   ηkinetic and Rohmic remain roughly constant at 
the original values of 0.47 V and 0.84 Ω-cm2, respectively.  While the Ag cathode performance 
seemingly improves at an ethanol concentration of 5 M, this effect is due to significant mass 
transport limitations at the anode (not shown), which improve the apparent performance at the 
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other electrode.  This behavior has been observed in other trials within our microfluidic fuel cell 
and may be due to the lack of fuel crossover under mass transport-limiting conditions [13].  
   
Figure 3.3: Cathode overpotential curve for varying ethanol concentrations as a function of 
current density for (a) a 4 mg/cm
2
 Ag cathode or (b) a 4 mg/cm
2
 Cu triazole cathode.  Anode: 
Pt/C (1 mg Pt/cm
2
); electrolyte: 1 M KOH; electrolyte flow rate: 0.6 ml/min;  H2/O2 feeds: 10 
SCCM.  At room temperature. 
 
3.3.3 Effect of ethanol on a Cu triazole cathode 
Cu triazole, as a non-Pt catalyst, can be expected to yield inferior performance but greater 
ethanol tolerance.  In addition, in our prior work we have seen that Cu triazole outperformed Ag 
on a mass activity basis [21].  However, the work to date on Cu triazole is fairly limited; here, we 
seek to test the activity of Cu triazole using our quantitative methodology as an example of a 
relatively new cathode catalyst.  To test the ethanol tolerance of a Cu triazole cathode, the fuel 
cell was supplied with a 1 M KOH electrolyte containing varying concentrations of ethanol 
following the same procedure as used for the Pt electrode.  Figure 3.3b demonstrates that ethanol 
concentrations of up to 0.1 M have a negligible effect on Cu triazole, illustrating that Cu triazole 
is more tolerant of ethanol than Pt.   An ethanol concentration of 0.5 M causes a 9% increase in 
Rohmic (Table 3.2), indicating a minor decrease in performance, while an ethanol concentration of 
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2 M also causes a 20 mV increase in ηkinetic due to ethanol reacting at the Cu triazole cathode.  
An ethanol concentration of 5 M causes substantial increase in overpotential of the Cu triazole 
cathode, a trend that is qualitatively similar as observed for the Pt cathode when exposed to 0.5 
M EtOH.  Due to the different current range, the quantitative parameters from the Cu triazole 
trial cannot be compared to the other trials with Pt and Ag cathodes.  While the Cu triazole 
electrode showed better tolerance to ethanol, the lower initial performance means that Cu triazole 
does not yield superior performance than a Pt cathode exposed to up to 0.5 M EtOH.  However, 
the lower cost of Cu triazole makes it a viable choice for lower-cost fuel cell systems, possibly 
competing with Ag. 
 
Table 3.2: Quantitative fits for Cu triazole cathode with varying [EtOH] 
[EtOH] 
(M) 
cathode 
ηkinetic (V) 
cathode 
Rohmic (Ω-cm
2
) 
anode 
ηkinetic (V) 
anode  
Rohmic (Ω-cm
2
) 
0  0.47 1.21 0.03 1.69 
0.1  0.47 1.20 0.04 1.77 
0.5  0.47 1.32 0.03 1.95 
1  0.49 1.40 0.02 2.08 
5  0.44 2.99 0.05 4.62 
 
3.3.4 Comparison of ethanol tolerance of the cathodes 
We also compared the ethanol tolerance of the three cathodes at varying ethanol 
concentrations using the data from the previous sections (Figure 3.4).  For Pt we used the data in 
the presence of 0.1 and 0.5 M ethanol, since the cathode exhibits a significant increase in 
overpotential in that range.  For Cu triazole, the data obtained in the presence of 0.5 M EtOH 
was chosen.  For Ag we took the data obtained in the presence of 2 M EtOH due to its constant 
performance between 0 and 2 M EtOH.   Pt outperforms all other tested cathodes at ethanol 
concentrations ≤ 0.1 M, due to the superior initial performance.  However, at ethanol 
concentrations of 0.5 M or higher, Ag outperforms Pt due to the mixed potential losses at the Pt 
29 
 
cathode.  In applications where a high level of ethanol crossover is expected, the selectivity of 
Ag makes it a superior catalyst.  Cu triazole yielded inferior performance to the other two 
catalysts for the range of ethanol concentrations tested.  While Cu triazole in its current form 
may outperform Pt at very high ethanol concentrations, Ag remains the superior alternative in 
those ranges and was used for the remainder of these cathode studies.  These results demonstrate 
how different catalysts and their ethanol tolerance can be compared quantitatively within a fuel 
cell using this methodology. 
 
Figure 3.4: Cathode overpotential curve for varying ethanol concentrations and cathodes as a 
function of current density.  Anode: Pt/C (1 mg Pt/cm
2
); electrolyte: 1 M KOH; electrolyte flow 
rate: 0.6 ml/min; H2/O2 feeds: 10 SCCM.  At room temperature. 
 
3.3.5 Effect of pH on Ag ethanol tolerance 
The ethanol tolerance of the Ag cathode was investigated in the presence of 1 M KOH, 
which roughly corresponds to the OH
-
 concentration found in commercial membranes, and 3 M 
KOH, which is a higher concentration at times used in liquid electrolyte cells.  Figure 3.5 shows 
that the performance of the Ag cathode is superior in the presence of 3 M KOH.  However, the 
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tolerance to 2 M ethanol (see above) decreases when using the 3 M KOH electrolyte, as ηkinetic 
increases from 0.40 V to 0.42 V and Rohmic increases from 0.73 to 0.83 Ω·cm
2 
(Table 3.3).  While 
the increase in Rohmic is largely due to the decreased conductivity in the presence of a higher 
EtOH concentration, the increase in ηkinetic indicates that some ethanol is adsorbing and/or 
reacting at the cathode, which reduces the fuel efficiency.  When comparing the cathode in the 
presence of 5 M and 0 M ethanol, ηkinetic is roughly identical for both cases, but Rohmic is 
approximately 240% larger than the value found in the absence of ethanol, possibly due to 
ethanol adsorption onto the cathode.  Although operation with 3 M KOH yields slightly lower 
overpotentials than 1 M KOH  (0.03 V lower value of ηkinetic), the lower fuel utilization at 3 M 
KOH, due to consumption of the fuel that crosses over, makes the optimal KOH concentration 
dependent on the particular application.  In terms of power density, a 0.03 V decrease in ηkinetic 
would roughly correspond to an 8% increase in power density for a cell operated at 0.4 V.  
Overall, an increase in pH may lead to a decrease in ethanol tolerance even for a highly tolerant 
Ag cathode, as additional hydroxyls facilitate ethanol oxidation. 
 
Figure 3.5: Cathode overpotential plot for varying ethanol concentrations and cathodes as a 
function of current density.  Anode: Pt/C (1 mg Pt/cm
2
); electrolyte flow rate: 0.6 ml/min; H2/O2 
feeds: 10 SCCM.  At room temperature.  
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Table 3.3: Quantitative fits for Ag cathode with varying [EtOH] and [KOH] 
[KOH] 
(M) 
[EtOH] 
(M) 
Cathode 
ηkinetic (V) 
Cathode 
Rohmic (Ω·cm
2
) 
Anode 
ηkinetic (V) 
Anode 
Rohmic (Ω•cm
2
) 
1 2 0.43 1.29 0.05 2.04 
3 0 0.40 0.73 0.10 1.73 
3 2 0.42 0.83 0.08 1.89 
 
3.3.6 Effect of oxygen supply on ethanol tolerance of Ag cathodes –  
To determine if convected oxygen improves ethanol tolerance of Ag cathodes, the 
microfluidic fuel cell operated with an air-breathing cathode exposed to quiescent air.  Feeding a 
fuel cell with air, as opposed to oxygen from a tank, improves system energy density by 
eliminating the storage volume required for the tank, making the fuel cell more suitable for 
portable applications.  Figure 3.6 shows that supplying the Ag cathode with quiescent air, as 
opposed to convected oxygen, yields inferior performance.  Specifically, ηkinetic is 13 mV greater, 
as would be expected from the reduced oxygen concentration, and Rohmic increases by 43%, due 
to the lack of convection and reduced oxygen supply (Table 3.4).  However, the air-breathing Ag 
cathode still shows high tolerance to ethanol concentrations of up to 2 M (Figure 3.6).  An 
ethanol concentration of 5 M did cause performance degradation when operating the cell with 
quiescent air, whereas the performance did not drop when operating the cell with the convected 
oxygen.  This decreased tolerance is likely caused by the lower oxygen concentration in air and 
would be expected to hold for other catalysts, such as Cu triazole.  The decrease in performance 
at 5 M EtOH with quiescent air, as opposed to convected O2, also follows the previously 
established trend that a higher ethanol to oxygen ratio reduces system ethanol tolerance. 
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Figure 3.6: Cathode overpotential plot for varying ethanol concentrations as a function of 
current density for a Ag cathode.  Anode: Pt/C (1 mg Pt/cm
2
); cathode: Ag/C (4 mg Ag/cm
2
); 
electrolyte: 1 M KOH; electrolyte flow rate: 0.6 ml/min; H2/O2 feeds: 10 SCCM.  At room 
temperature. 
 
Table 3.4: Quantitative fits for Ag cathode with varying [EtOH] and [KOH] 
trial 
Cathode 
ηkinetic (V) 
Cathode 
Rohmic (Ω•cm
2
) 
Anode 
ηkinetic (V) 
Anode  
Rohmic (Ω•cm
2
) 
0 M EtOH 0.47 1.11 0.03 2.20 
1 M EtOH 0.47 1.30 0.08 2.43 
2 M EtOH 0.45 1.48 0.10 2.62 
0 M EtOH, 
50 SCCM O2 
0.47 0.78 0.06 2.04 
 
3.3.7 Effect of oxygen supply on ethanol tolerance of Pt cathodes 
Based on the preceding result, the microfluidic fuel cell was operated with varying oxygen 
concentrations to determine whether the ethanol tolerance of a Pt cathode was dependent on the 
oxygen supply.  Air is well-known to reduce fuel cell power density due to its lower oxygen 
concentration relative to pure oxygen [5].  However, the dependence of contaminant tolerance on 
air supply has not been studied extensively.  To investigate this effect and to determine the 
importance of the ethanol to oxygen molar ratio, the fuel cell was tested with oxygen fractions of 
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21, 41, and 75 mol % in the cathode feed by altering the relative amounts of oxygen and 
nitrogen.  Figure 3.7a shows the losses for the cathode as a function of oxygen concentration: the 
21% oxygen (air) feed exhibits a ηkinetic of 330 mV, 30 mV greater than the value of 300 mV for 
the 75% oxygen feed, with the 41% oxygen feed performing similarly to the 75% oxygen feed.  
When 2 M EtOH is added to the electrolyte, the cathode performs worse, as expected, for all 
three oxygen concentrations, with increased losses in ηkinetic of 0.11 V for the 21% oxygen and 
75% oxygen feeds and increases in Rohmic of 54% and 41%, respectively.  However, the 
performance of the 41% oxygen feed drops more than the other two feeds, ending up at the same 
value of Vkinetic as the 21% oxygen feed and having an increased value of Rohmic of 71% over the 
value with no ethanol present.  This result indicates the importance of oxygen supply; operation 
in the presence of a lower oxygen concentration leaves the system more vulnerable to 
contamination, so even double the concentration found in air does not result in improved 
performance if sufficient ethanol contamination is present to react with the oxygen. 
  
Figure 3.7: Cathode overpotential plot for varying oxygen concentrations as a function of 
current density for a Pt cathode with (a) 0 M EtOH and (b) 2 M EtOH in the electrolyte.  Anode: 
Pt/C (1 mg Pt/cm
2
); cathode: Ag/C (4 mg Ag/cm
2
); electrolyte: 1 M KOH; electrolyte flow rate: 
0.6 ml/min; H2/cathode feeds: 20 SCCM.  At room temperature. 
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3.3.8 Effect of acetic acid on Pt electrode performance 
Acetic acid, as a common undesired product of ethanol oxidation, may be present in the 
electrolyte, where it reacts with KOH to yield potassium acetate and water.  This problem may 
be particularly pronounced when using a Pt cathode, since Pt produces large amounts of acetic 
acid when ethanol crosses over from the anode side of the cell [4].  To study the effect of acetic 
acid contamination, the microfluidic cell was operated with varying amounts of acetic acid added 
to a 1 M KOH electrolyte.  Figure 3.8a shows that the addition of acetic acid up to 0.5 M does 
not significantly affect cathode performance.  The oddly low point near 100 mA/cm
2
 aligns with 
an inflection point for the anode (Figure 3.8b); this type of inflection may indicate a decrease in 
the local anode pH.  Since the anode is consuming hydroxyls, the pH may decrease at higher 
current densities, resulting in unstable performance until a very high overpotential attracts more 
hydroxyls from further away in the electrolyte.  This type of mass transport limitation is the 
cause of the inferior anode performance in the presence of 0.2 and 0.5 M acetic acid.  
Quantitatively, while the cathode performances do not significantly differ, the Rohmic of the anode 
increased by 25% when the acetic acid concentration increased from 0.1 M to 0.2 M, showing 
that the reduced hydroxyl supply interferes with anode performance (Table 3.5).  The limitations 
from the hydroxyl supply are minor until higher current densities are reached, so the anode 
performance is similar at lower current densities, independent of the acetic acid concentration. 
The power density curves in Figure 3.8c show a significant decrease in performance for cells 
operated in the presence of acetic acid concentrations ≥ 0.2 M.  The power density drops by 17% 
and 26%, respectively, in the presence of 0.2 and 0.5 M acetic acid.  The difference in 
performance between the experiments performed with various acetic acid concentrations is small 
at current densities below 70 mA/cm
2
, which indicates that the hydroxyl supply is sufficient at 
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these concentrations.  Carbonate formation, where the CO2 formed from complete ethanol 
oxidation forms carbonate anions from the hydroxyls in the electrolyte, may have a similar 
effect.  A similar pattern of a relatively small initial drop in power density followed by sharper 
decreases, with increasing carbonate content, was evident in our previous work analyzing 
carbonate contamination [7, 13].  Whether ethanol oxidizes partially or fully at the anode, 
oxidized ethanol will still inhibit fuel cell performance if left unchecked over time. 
 
  
Figure 3.8: Single electrode plots for (a) the cathode and (b) the anode and (c) polarization and 
power density curves for varying acetic acid concentrations as a function of current density.  
Anode: Pt/C (1 mg Pt/cm
2
); cathode: Pt/C (1 mg Pt/cm
2
); electrolyte: 1 M KOH; electrolyte flow 
rate: 0.6 ml/min; H2/O2 feeds: 10 SCCM.  At room temperature. 
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Table 3.5: Quantitative fits for Pt electrodes with varying acetic acid 
[Acetic acid] 
(M) 
Cathode 
ηkinetic (V) 
Cathode 
Rohmic (Ω•cm
2
) 
Anode 
ηkinetic (V) 
Anode  
Rohmic (Ω•cm
2
) 
0  0.35 1.67 0.06 1.34 
0.1  0.37 0.82 0.02 2.41 
0.2 0.37 0.80 0.02 2.99 
0.5 0.36 0.82 - - 
 
 
To determine whether the observed performance degradation is due to adsorption of acetic 
acid onto the Pt catalyst, a Pt/C coated rotating ring disk electrode (RRDE) was tested under 
alkaline conditions using a 1 M KOH electrolyte.   A cyclic voltammogram (CV) (Figure 3.9) 
was used to identify the electrochemically active surface area of the Pt/C catalyst in the presence 
and absence of acetate.  The area under the peak centered around -0.8 V vs Ag/AgCl corresponds 
to hydrogen desorption in alkaline media, which correlates with the electrochemically active 
surface area (ECASA) [29].  The CV shows that the electrochemically active surface area 
slightly decreases in the presence of acetic acid, but this amount of lost surface area is not 
sufficient to explain the 26% performance decrease (Figure 3.8c).  Therefore, we conclude that 
the lower pH is the main cause for lower performance at higher concentrations of acetic acid. 
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Figure 3.9: Cyclic voltammograms of a 20 wt% Pt/C RRDE in the presence of 1 M KOH or 1 M 
KOH with 0.5 M acetic acid.  Scan rate: 50 mV/s.  At room temperature under Ar. 
 
 
3.3.9 Effect of ethanol on Pt electrode performance  
Ethanol can be present at the anode in a hydrogen fuel cell due to incomplete fuel reforming 
of ethanol to produce the hydrogen feed or due to environmental contamination.  Ethanol at the 
anode does not cause the same crossover problems as ethanol at the cathode, but ethanol 
oxidation can still compete with the desired hydrogen oxidation reaction.  The fuel cell was 
tested with a Pt anode and a Ag cathode with varying amounts of ethanol added to the 1 M KOH 
electrolyte.  The Ag cathode was chosen due to its ethanol tolerance.  Figure 3.10 shows that the 
effect of ethanol is minor up to 2 M, with only a slight decrease in performance along with 
slightly earlier onset of mass transport limitations.  The IR-corrected polarization curves in 
Figure 3.10c are not substantially different from the corresponding uncorrected polarization 
curves, demonstrating that the performance loss is not caused by the slight decrease in 
conductivity due to the presence of ethanol.  In contrast, the presence of ethanol at a 
concentration of 5 M causes a substantial decrease in anode performance and an overall decrease 
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in power density of 32%.  ηkinetic increases by 40 mV and Rohmic increases by 57% (Table 3.6), 
indicating significant kinetic losses that are in this case due to competing ethanol oxidation 
occurring on the same electrode.  However, this performance loss occurs at ethanol 
concentrations that would not likely be encountered as a contaminant in a fuel cell.  Other 
possible anode catalysts such as Ni, which is less active for ethanol oxidation, would thus be 
expected to have ethanol tolerance levels as high as Pt when used as the anode in a H2 fuel cell. 
 
  
 
Figure 3.10: Single electrode curves for (a) the anode, (b) polarization and power density 
curves, and (c) IR-corrected polarization curves for varying ethanol concentrations as a function 
of current density.  Anode: Pt/C (1 mg Pt/cm
2
); cathode: Pt/C (1 mg Pt/cm
2
); electrolyte: 1 M 
KOH; electrolyte flow rate: 0.6 ml/min; H2/O2 feeds: 10 SCCM.  At room temperature. 
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Table 3.6: Quantitative fits for Pt anode with varying [EtOH] 
[EtOH] 
(M) 
Anode 
ηkinetic (V) 
Anode  
Rohmic (Ω•cm
2
) 
0 0.03 2.38 
0.5 0.04 2.40 
2 0.05 2.40 
5 0.07 3.73 
 
 
The same experiment was also conducted in the presence of 3 M KOH.  Figure 3.11a shows 
a similar trend for 3 M KOH as for 1 M KOH, with ethanol concentrations ≤ 2 M having a 
minimal impact.  However, the effect of ethanol at 5 M is much more pronounced in the 
presence of 3 M KOH, causing a 75% drop in power density.  The anode performance is also far 
worse, with a very large increase in Rohmic of 310% (Table 3.7).  This level of degradation shows 
that ethanol oxidation is beginning to dominate over the hydrogen oxidation.  The likely cause of 
this behavior is the increased amount of acetate at higher pH, which will adsorb more readily 
onto the electrodes in alkaline conditions. 
 
  
Figure 3.11: Single electrode plot for (a) the anode and (b) polarization and power density 
curves, s for varying ethanol concentrations as a function of current density.  Anode: Pt/C (1 mg 
Pt/cm
2
); cathode: Pt/C (1 mg Pt/cm
2
); electrolyte: 3 M KOH; electrolyte flow rate: 0.6 ml/min; 
H2/O2 feeds: 10 SCCM.  At room temperature. 
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Table 3.7: Quantitative fits for Pt anode with varying [EtOH] 
[EtOH] 
(M) 
Cathode 
ηkinetic (V) 
Cathode 
Rohmic (Ω•cm
2
) 
Anode 
ηkinetic (V) 
Anode  
Rohmic (Ω•cm
2
) 
0 0.40 0.73 0.10 1.73 
0.5 0.41 0.74 0.09 1.98 
2 0.42 0.83 0.08 1.89 
5 0.40 2.44 0.09 7.16 
 
3.4 Conclusions 
Here, we quantified the effect of ethanol contamination on electrode performance in a 
microfluidic fuel cell using single electrode plots.  Ethanol contamination can cause problems at 
both the cathode and the anode for Pt electrodes in alkaline media.  Ag is insensitive to ethanol 
up to 2 M and can outperform Pt when local ethanol concentrations are at 0.5 M or higher, 
demonstrating that silver is the optimal catalyst of those tested when substantial ethanol 
crossover occurs.  Using the same method, Cu triazole exhibits more ethanol tolerance than Pt 
and less ethanol tolerance than Ag, demonstrating that this method can be used to screen less 
studied cathode catalysts.  We also demonstrated that the ethanol to oxygen molar ratio affects 
ethanol tolerance, and that RDE experiments performed in the presence of relatively low 
amounts of ethanol may display artificially low ethanol tolerance due to the low concentration of 
dissolved oxygen.  At the anode, ethanol has only a minor impact on performance under ordinary 
fuel cell operating conditions.  Furthermore, acetic acid contamination has a negligible effect on 
Pt cathodes but can significantly inhibit anode performance, due largely to the decrease in pH. 
Quantitative analysis of the effects of ethanol (and acetic acid) contamination on electrode 
performance as reported in this paper will aid the development of optimal fuel cell design in 
which ethanol crossover can be a problem.  The quantitative method can be used to screen novel 
cathode catalysts with the transport phenomena intrinsic to a fuel cell, phenomena that cannot 
easily be simulated in a RDE experiment.  Each electrode can be selected based on the predicted 
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ethanol concentration at the electrode, eliminating the need to test multiple fuel cell 
configurations under multiple operation conditions.  These results also demonstrate that a 
cathode catalyst may show lower contaminant tolerance when tested with a lower oxygen 
concentration.  Proper cathode selection can also enable the use of higher ethanol concentrations 
than would be optimal when using a Pt cathode, improving system energy density for portable 
applications.  Tests similar to the ones reported in this paper, but, for example, at higher current 
density and higher temperature, can be performed to directly link performance with operation 
conditions in fuel cells intended for commercial application.  Similarly, long-term experiments to 
examine electrode stability in the presence of ethanol and acetic acid can be performed to 
improve understanding of ethanol contamination in alkaline fuel cells.  
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Chapter 4: Tailoring electrode hydrophobicity to 
improve anode performance in alkaline media3 
 
4.1 Introduction 
Alkaline fuel cells are showing substantial promise as power sources due to superior cathode 
kinetics and improved stability of non-noble metal catalysts in alkaline media [1-5].  While 
adverse effects of carbon dioxide reacting with hydroxide have historically been perceived to 
substantially limit alkaline fuel cell performance, more recent developments have demonstrated 
that the effect of carbonate formation can be mitigated by using soda lime scrubbing [6], a 
membrane without free cations [7], or a flowing electrolyte with a large electrolyte volume [8].  
Performance limitations of alkaline fuel cells at higher current densities then stem more from 
anode limitations, as the anode is the electrode where water formation occurs [9]. 
Previously, the role of hydrophobicity on performance of the cathode in acidic fuel cells has 
been examined [10].  These cathodes are prone to flooding issues analogous to an alkaline anode.  
A study by Li et al. examined the effect of silicone oil on cathode performance [11].  Zhang et 
al. investigated the role of PTFE in the cathode backing layer [12].  Fairweather et al. 
determined that PTFE wetproofing at less than 20 wt% did not cause a substantial loss in 
electrode porosity [13].  While these studies yielded information about the cathode in acidic 
media, their results did not discuss applicability to alkaline media. 
We have previously developed a microfluidic hydrogen-oxygen (H2/O2) fuel cell with a 
flowing alkaline electrolyte stream (Figure 4.1) [14].  This cell has the versatility of a three 
electrode cell within an operating fuel cell.  More recently, we have developed a method to 
                                                 
3
 Some of this work has been published previously in: Naughton MS, Moradia AA, Kenis PJA. Quantitative 
Analysis of Single-Electrode Plots to Understand In-Situ Behavior of Individual Electrodes. Journal of the 
Electrochemical Society. 2012;159:B761-B9.  Reproduced with permission from JECS. 
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analyze individual electrodes by plotting their overpotential versus a reference electrode.  We 
have used this method to determine the effects of electrolyte contamination and cathode catalysts 
on performance [8, 9], but we have not focused on using this methodology to improve anodes.   
 
Figure 4.1: Diagram of a microfluidic fuel cell with a flowing alkaline electrolyte.  
 
In this work, we use the aforementioned microfluidic H2/O2 fuel cell to characterize the 
effect of hydrophobicity of the electrode on anode performance.  Specifically, we tune the 
hydrophobicity both in the backing layer and in the catalyst layer of an electrode to obtain 
optimal performance.  The effect of PTFE loading is investigated both for polarization curves of 
single electrodes as well as for 4.5 hour whole-cell experiments using a recirculating electrolyte.   
Furthermore, we activated and tested alternate binders to determine their effects on electrode 
performance. 
4.2. Experimental 
4.2.1 Gas diffusion electrode preparation 
Commercially available Pt/C (50% mass on Vulcan carbon, Alfa Aesar) was used as cathode 
and anode catalyst.  For one trial, PtRu/C (50% Pt mass, 25% Ru mass on Vulcan carbon, Alfa 
Aesar) was used as the anode catalyst in place of Pt/C.  Unless otherwise stated, a 30:1 ratio of 
catalyst to Nafion was used as the catalyst binder such that catalyst inks were prepared by mixing 
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a total of 8.0 mg of Pt/C (or PtRu/C) and 6.13 μL of 5 wt% Nafion solution (DuPont) [2, 15].  
200 µL of DI water and 200 µL of isopropyl alcohol (Fisher Scientific) were added as carrier 
solvents.  The catalyst inks were sonicated (Sonics Vibra-Cell) for 10 min to obtain a uniform 
mixture, which was then hand-painted onto 4 cm
2
 of the hydrophobized carbon side of a carbon 
paper gas diffusion layer (35 BC, SGL carbon group or Toray TGP-H-060) to create a gas 
diffusion electrode (GDE).  The final catalyst loading was 1 mg/cm
2
 of Pt (50% mass Pt) for 
each electrode. 
4.2.2 Fuel cell assembly and testing 
To assemble the fuel cell, shown in Figure 4.1, the cathode (Pt/C) and the anode (Pt/C) were 
placed on the opposite sides of a polymethylmethacrylate (PMMA) window (0.15-cm thick 
unless otherwise specified), such that the catalyst-coated GDE sides face the 3-cm long and 0.33-
cm wide window machined in PMMA [15].  The microfluidic chamber volume was 0.15 ml (0.2 
or 0.1 ml when using a 0.2 or 0.1 cm thickness separator, respectively).  The window has one 
inlet and one outlet from the side for the electrolyte flow, aqueous solutions of potassium 
hydroxide (KOH, Sigma-Aldrich, 85 %, balance of H2O).  Two 1-mm thick copper-infused 
graphite windows were used as current collectors.  Polycarbonate gas flow chambers (5 cm (L) x 
1 cm (W) x 0.5 cm (H)) were used to introduce both hydrogen and oxygen gases (laboratory 
grade, S.J. Smith), at 10 sccm each.  The multilayer assemblies were held together with binder 
clips.  Fuel cell testing was conducted using a potentiostat (Autolab PGSTA-30, EcoChemie) at 
room temperature.  For all studies, electrolyte flow rate was maintained at 0.6 mL min
-1
 either 
using a syringe pump (2000 PHD, Harvard Apparatus) or a recirculating piston pump (MCP-CPF 
with MFI 009 Pump Head, Harvard Apparatus).  Fuel cell polarization curves were obtained by 
measuring steady-state currents at different cell potentials using Nova software (EcoChemie).  
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The exposed geometric surface area of the electrode (1 cm
2
) was used to calculate the current 
and power densities.  A reference electrode (Ag/AgCl in saturated NaCl, BASi) was placed at the 
outlet of the electrolyte stream to allow for the independent analysis of polarization losses on the 
cathode and the anode [14].  The reference electrode was fitted with a polyethylene frit 
(Princeton Applied Research) in place of the original Vycor® frit to prevent corrosion and 
contamination in alkaline media [9].  After each experiment, the fuel cell was disassembled and 
the electrodes were rinsed with deionized water, then dried for at least 30 minutes under a 
laboratory fume hood. 
4.2.3 Impedance spectroscopy 
 Electrochemical impedance spectroscopy (EIS) measurements were performed on the fuel 
cell using a Frequency Response Analyzer (FRA) module controlled by a potentiostat (Autolab 
PGSTAT-30, EcoChemie).  The spectra were recorded in constant voltage mode by decreasing 
frequencies from 10 kHz to 30 MHz at 9 points/decade.  The modulating voltage was 10 mV root 
mean squared.  The high frequency x-axis intercepts represent the internal cell resistance (Rcell) 
which includes both electrolyte solution resistance and cell contact resistances.  The diameter of 
the typical medium-frequency semicircular feature represents the charge-transfer resistance (Rct) 
associated with the Faradaic processes on the fuel cell electrodes.  The low-frequency features 
represent the effects of mass transport limitations on fuel cell processes [16]. 
4.3 Results and discussion 
4.3.1 Effect of electrode backing layers  
The backing layer can play a major role in determining gas diffusion electrode properties.  
Beyond the basic properties of porosity and thickness, the deposition of the catalyst layer can 
vary greatly based on the structure of the backing layer.  Surprisingly, this variance can occur for 
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backing layers with the same specifications.  Originally, the electrodes synthesized with the 
Sigracet 35 BC backing layers performed well, with overpotentials below 0.1 V for current 
densities below 50 mA/cm
2 
as shown in Figure 4.2.  However, electrodes created out of 
subsequent orders of Sigracet 35 BC yielded very high overpotentials and maximum current 
density below 150 mA/cm
2
 (Figure 4.2).  This poor performance is consistent with mass 
transport limitations at the anode, due to the steep upward trend deviating from linearity. 
Many (>10) electrodes were painted to investigate whether this low performance was caused 
by poor painting technique.  Although steps such as painting over 5 hours, heating the electrodes 
to facilitate solvent evaporation, blowing nitrogen over the surface, and using smaller brushes 
were tried, none of these steps solved the problem or improved the electrode performance.  
Ultimately, the high performance from the previous batch was restored by switching to a 
different backing layer, Toray TGP-H-060 (Figure 4.2).  This backing layer contains 10 wt% 
PTFE, versus 5 wt% for Sigracet, and lacks the microporous layer found in the Sigracet.  Figure 
4.2 shows the similar overpotentials for Toray and the original Sigracet electrodes. 
 
Figure 4.2: Anode overpotential as a function of current density for varying backing layers.  
Electrolyte: 3 M KOH.  Electrolyte flow rate: 0.6 ml/min.  H2/O2 feeds: 50 SCCM. At room 
temperature. 
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The cause of this improved Toray performance was investigated through hydrophobicity 
testing.  By placing a droplet of deionized water on the backing layer, the contact angle between 
the water and the backing layer was obtained.  Figure 4.3 shows that both the Sigracet and Toray 
backing layers are hydrophobic, with contact angles above 90°C.  The difference between the 
layers stems from their behavior in the presence of the 50:50 IPA:H2O catalyst ink mixture.  The 
Sigracet backing layer rapidly absorbs the catalyst ink mixture (Figure 4.3), which leads to 
flooding during cell operation and thus the mass transport limitations observed in Figure 4.2.  
The Toray backing layer does not absorb the catalyst ink to the same degree (Figure 4.3), so the 
backing still allows gas transport during cell operation.  This difference in behavior is the cause 
of the superior Toray performance. 
 
Backing layer 
/ solvent 
Sigracet 35 BC Toray 
Water 
 
5 wt% PTFE 
 
10 wt% PTFE 
50:50 
IPA:water 
 
5 wt% PTFE 
 
10 wt% PTFE 
50:50 
IPA:water 
 
5 wt% PTFE 
 
5 wt% PTFE 
 
Figure 4.3: Comparative hydrophobicity of Sigracet and Toray backing layers in the presence of 
water and a 50:50 water-IPA mixture. Scale bars are approximately 0.5 cm.  
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Further investigation was used to determine whether the higher wt% PTFE in the Toray or 
the lack of a microporous layer was responsible for the improved Toray performance.  Toray 
carbon paper with 5 wt% PTFE was used to create electrodes with the same Pt and PTFE loading 
as the Sigracet electrodes.  When these electrodes were subjected to the hydrophobicity test with 
the catalyst solvent, the 5 wt% PTFE Toray backing layer showed solvent resistance similar to 
the 10 wt% PTFE (Figure 4.3).  This behavior demonstrates that the poor solvent tolerance of the 
Sigracet 35 BC is due to the structure of the layer, as opposed to the PTFE content.   
When translating these results to membranes, these results would be expected to apply to 
catalyst-painted backings but not catalyst-coated membranes.  When depositing the catalyst on 
electrodes, the same hydrophobicity-related flooding issues for Sigracet 35 BC would apply 
whether the electrode is exposed to a liquid electrolyte or a solid membrane.  Thus, the catalyst 
buildup inside the backing layer would cause flooding and limit current density for membrane 
systems as well.  However, the analogous problem of electrolyte weeping, where the electrolyte 
diffuses out of the backing layer, would not pose a problem for membrane-based systems.  For 
catalyst-coated membranes, the flooding issues would not appear to the same degree, since the 
catalyst ink solvent does not contact the backing layer for a catalyst-coated membrane. 
4.3.2 Effect of varying PTFE wt% on backing layer overpotential 
After the previous study, the effect of backing layer PTFE content was investigated.  Using 
more PTFE increases the hydrophobicity of the backing layer at the expense of weakening 
catalyst adhesion and increasing electrical resistance [12].  Electrodes were synthesized using 
Toray TGP-H-060 backing layers and tested in the microfluidic fuel cell.  Figure 4.4 shows that 
the highest overpotential comes from the 5 wt% PTFE backing layer, with the optimal 
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performance (lowest overpotential) found at 20 wt% PTFE.  Above this point, the increased 
electrical resistance from increased wt% PTFE may have caused the decreased performance. 
 
Figure 4.4: Anode overpotential as a function of current density for varying PTFE wt%. 
Electrolyte: 3 M KOH.  Electrolyte flow rate: 0.45 ml/min.  H2/O2 feeds: 50 SCCM. At room 
temperature.  
 
To test the stability of the various backing layers, the anodic performance of the backing 
layers was investigated over time in the microfluidic fuel cell. Potentially, the backing layers 
with higher PTFE content could show greater stability over time by preventing flooding.  The 
electrolyte was recirculated over time for approximately 270 minutes using a pump.  The cell 
was held at 0.4 V between polarization curves, which were were taken periodically to acquire 
electrode potentials and power densities.  The decline in power density over time is shown in 
Figure 4.5a, with each curve showing similar trends.  This result shows that increased wt% PTFE 
in a backing layer does not substantially improve power density stability over hours.  This result 
may occur if flooding within the catalyst layer itself is limiting performance, in which case the 
hydrophobicity of the backing layer does not play a role.  The final anode overpotential curves 
(Figure 4.5b) demonstrate that similar trends hold for the initial results and the results after 
extended operation.  The combined results show that 20 wt% PTFE is optimal, which agrees 
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with literature results for an acidic cathode, which also generates water, in a direct methanol fuel 
cell [12].  In addition, the 5 wt% PTFE backing layer electrode showed significantly larger 
amounts of water buildup than the other electrodes (Figure 4.6). 
  
Figure 4.5: (a) Maximum power density as a function of time and (b) final anode overpotentials 
as a function of current density with 0.4 V applied between polarization curves.  Electrolyte: 3 M 
KOH.  Electrolyte flow rate: 0.45 ml/min.  H2/O2 feeds: 50 SCCM. At room temperature.   
 
 
Figure 4.6: Water buildup over 4 hours with a backing layer containing 5 wt% PTFE. 
Further investigation of Rohmic and ηkinetic was used to analyze the anode behavior.  Using the 
previous data and applying individual electrode fits, the Rohmic and ηkinetic terms were studied over 
time with the 20 wt% PTFE and 30 wt% PTFE electrodes.  In our previous work, these 
parameters were used to decouple the effects of mass transport and ohmic resistance from kinetic 
effects [9].  Figure 4.7a shows that the superior performance of the 20 wt% PTFE anode is 
caused by a Rohmic which is 27% lower than the 30 wt% PTFE anode.  From our previous work, a 
lower Rohmic is caused by improved mass transport or ohmic behavior; in this case, improved 
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mass transport is the likely explanation.  As a result, 20 wt% PTFE was used for the remainder of 
these studies. 
 
Figure 4.7: (a) Rohmic and (b) ηkinetic as a function of time with 0.4 V applied between the 
polarization curves used to determine Rohmic and ηkinetic.  Error bars are standard error of 0.0093 
Ω-cm2 for Rohmic or 0.0062 V for Vkinetic, calculated from a triplicate repeat trial.  Electrolyte: 3 
M KOH.  Electrolyte flow rate: 0.45 ml/min.  H2/O2 feeds: 50 SCCM. At room temperature.   
4.3.3 Effect of painting rate on overpotential 
When painting electrodes, the rate of painting can have a significant effect even with the 
Toray backing layer.  Two electrodes were synthesized, one with 2.5 hours of painting and one 
with 4 hours of painting.  Figure 4.8 demonstrates that a shorter painting time greatly decreases 
performance and causes mass transport limitations similar to those shown in Figure 4.2.  Even 
before the current density maximum is reached, the significantly increased Rohmic causes a sharp 
increase in anode overpotential.  Generally speaking, the rate of catalyst deposition must be 
controlled in electrode synthesis to obtain good electrodes. 
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Figure 4.8: Anode overpotential as a function of current density for varying painting times.  
Electrolyte: 3 M KOH.  Electrolyte flow rate: 0.45 ml/min.  H2/O2 feeds: 50 SCCM. At room 
temperature. 
4.3.4 Altering catalyst ink hydrophobicity 
The catalyst ink is another design area where the hydrophobicity can be altered.  Work by Li 
et al. on acidic fuel cell cathodes suggests that increased hydrophobicity in the catalyst layer 
reduces overpotential [11].  The work suggested that silicone oil added to the catalyst layer 
would reduce overpotential by reducing flooding.  An anode with 0.5 mg/cm
2
 silicone oil was 
synthesized to see if the performance increase from increased hydrophobicity would apply to an 
alkaline anode.  Water droplet testing demonstrated that the silicone oil did significantly increase 
the hydrophobicity of the catalyst layer (Figure 4.9).  In addition, electrodes with increased 
Nafion wt% (3, 4.5, and 6) were synthesized as an alternate way to increase catalyst layer 
hydrophobicity.  Although Nafion is often considered a hydrophilic polymer, it still is 
hydrophobic relative to the liquid electrolyte.  Water droplet testing (not shown) did not show a 
major difference in catalyst layer hydrophobicity between electrodes that had 3 wt% Nafion and 
6 wt% Nafion. 
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catalyst ink 
0 min 60 min 
No silicone oil 
  
Silicone oil 
  
Figure 4.9: Hydrophobicity of catalyst layers with and without silicone oil.  Scale bar = 0.5 cm.  
 
Figure 4.10a shows that the overpotential increases notably when adding silicone oil to the 
anode catalyst layer.  While the electrode with silicone oil performs similarly to the electrode 
without silicone oil at lower current densities, the overpotential difference becomes very 
apparent at current densities > 200 mA/cm
2
.  This trend shows an increased Rohmic, which 
indicates inferior mass transport when silicone is added.  The likely explanation is that the 
silicone oil is partially preventing wetting of the catalyst layer, leading to mass transport losses.  
Although the addition of silicone oil did not reduce overpotential, increasing Nafion to 4.5 wt% 
(1.5x the original amount) or 6 wt% (2x the original amount) reduced anode overpotential 
significantly (Figure 4.10a).  Since Nafion does not conduct anions, this performance 
enhancement is attributed to increased anode hydrophobicity.  A reduced Rohmic leading to 
reduced overpotential is consistent with a mass transport explanation.  Together, these results 
demonstrate that a liquid electrolyte fuel cell requires some hydrophobicity to keep the catalyst 
layer from entirely flooding, but still requires hydrophilicity to ensure proper electrolyte wetting. 
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Figure 4.10: (a) Anode overpotential and (b) polarization and power density curves as a function 
of current density.  Electrolyte: 3 M KOH.  Electrolyte flow rate: 0.45 ml/min.  H2/O2 feeds: 50 
SCCM. At room temperature. 
4.3.5 Effect of gas flow rates on fuel utilization 
The hydrogen supply rate can have a profound effect on anode performance.  The supply of 
hydrogen plays a role in determining the maximum current density, as determined by Equation 
4.1: 
                             (4.1) 
Where: n = 2, the number of electrons per mol H2  
   F = 96,845 C/mol, Faraday’s constant 
 
For 10 SCCM H2, the maximum current is 1.32 Amps, while for 2 SCCM H2, the maximum 
current is 263 mA.  As the supply of hydrogen increases, the electrodes become the limiting 
factor, even at 0 V cell voltage.  To investigate the effect of hydrogen supply, the top-performing 
anode (with 9 wt% PTFE) was tested in a fuel cell with H2/O2 flow rates varied from 2 to 50 
SCCM.  Figure 4.11a shows a 20% drop in power density when dropping from 10 SCCM to 5 
SCCM, and a 70% drop in power density when dropping from 10 SCCM to 2 SCCM.  The 
corresponding anode overpotential curve (Figure 4.11b) shows that the performance at 5 SCCM 
mirrors the performance at 10 SCCM at current densities ≤ 300 mA/cm2, while 2 SCCM has 
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significantly higher overpotential at all points.  When considering fuel utilization (equivalent to 
the current density divided by the maximum current density based on H2 flow rate), Figure 4.11c 
shows that both 5 SCCM and 10 SCCM can reach almost 60% fuel utilization, while 2 SCCM is 
capped below 40%.  The lower performance of the 2 SCCM implies that the concentration of H2 
plays a role in determining the overpotential and current density, as 5 SCCM and 10 SCCM 
would have higher concentrations near the electrode.  This trend diverges sharply from results in 
acidic media (not shown), which show higher utilization at lower gas flow rates.  However, the 
anode reaction in acidic media is much faster, so gas diffusion is more likely to be the limiting 
factor by itself. 
  
 
Figure 4.11: (a) Polarization and power density curves, (b) anode overpotential, and (c) fuel 
utilization as a function of current density for varying H2/O2 flow rates.  Electrolyte: 3 M KOH.  
Electrolyte flow rate: 0.45 ml/min.  At room temperature.  
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4.3.6 Use of a PTFE binder 
PTFE has been commonly used to bind electrodes in alkaline media [1].  In previous work, 
we have also used PTFE as a binder, in which the electrodes were painted with PTFE in the 
catalyst ink and then sintered in a tube furnace at 330°C for 20 minutes.  These electrodes were 
then voltage cycled to remove excess PTFE and thus enable wetting of the surface, as described 
in previous work [2].  Since the standard Nafion binder is designed for acidic media, two 
electrodes with Nafion and PTFE binders were compared in a short term polarization curve.  
Figure 4.12 shows that although the PTFE-bonded electrode was able to achieve performance 
close to that of the Nafion bonded-electrode, the Nafion-bonded electrode was still superior.  The 
minor difference in overpotential may be ascribed to the increased hydrophobicity of the PTFE-
bonded electrode, which can be less desirable for the same reason as the silicone oil-treated 
electrode.  While PTFE is a viable binder, the added cycling steps slow down electrode 
production.  Thus, Nafion will usually be a superior choice even in alkaline media.   
 
Figure 4.12: Anode overpotential as a function of current density for PTFE and Nafion binders.  
Electrolyte: 3 M KOH.  Electrolyte flow rate: 0.45 ml/min.  H2/O2 feeds: 10 SCCM. At room 
temperature. 
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4.3.7 Use of an anion exchange binder 
Using an ion-conductive binder can greatly reduce fuel cell overpotential.  In acidic media, 
Nafion is routinely used as it conducts the protons from each electrode reaction.  In alkaline 
media, Nafion does not have the same benefit, and serves largely as a binder that uptakes 
water/electrolyte.  For this investigation, the anion-conductive polymer Fumion was used as an 
alternate binder for Pt/C.  Fumion is dissolved in the solvent N,N-dimethylacetamide, so the ink 
was dissolved in N,N-dimethylacetamide instead of the standard 50:50 IPA:water mixture.  
When using Toray electrodes, the N,N-dimethylacetamide soaked through the backing layer, 
causing flooding and electrolyte leaking (weeping).  However, the Sigracet backing proved to be 
much more robust in the presence of N,N-dimethylacetamide, so it was used for the anode in 
these studies.  
Initial testing of the Fumion anode yielded very poor results, with current densities ≤ 3 mA/cm2 
and power density below 1 mW/cm
2 
(Figure 4.13a).  This result was attributed to the initial 
doping of the Fumion binder, which is initially doped with Br
-
 anions.  To substitute the 
electrode with OH
-
 anions, which are consumed in the anode reaction, the Fumion electrode was 
used as a cathode between trials in an activation procedure where the alkaline fuel cell was held 
at 0 V.  After 2 h activation, a 6x jump in current density was observed and after 4.5 h activation, 
the Fumion electrode reached its maximum current density of 60 mA/cm
2 
(Figure 4.13b).  The 
corresponding individual anode parameters Rohmic and ηkinetic both decreased sharply as the 
activation proceeded (Figure 4.13c).  After 4.5 h activation, no further enhancement in 
performance was observed.  While the activation procedure increased Fumion power density by 
a factor of 40, the analogous Nafion-bonded anode yielded 150% higher power density than the 
Fumion at its maximum.  The anode Rohmic was much lower for the Nafion-bonded electrode, 
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indicating the anode losses for Fumion could again be due to the increased hydrophilicity of 
Fumion versus Nafion. 
 
 
Figure 4.13: (a) Initial polarization and power density curves, (b) final polarization and power 
density curves, and (c) anode overpotential as a function of current density for Fumion and 
Nafion electrodes with varying activation time.  Electrolyte: 3 M KOH.  Electrolyte flow rate: 
0.6 ml/min.  H2/O2 feeds: 50 SCCM. At room temperature. (Color online) 
 
While this study shows Nafion outperforms the anion-exchange binder Fumion, other anion-
exchange binders still have the potential to yield superior performance.  The results here indicate 
that Nafion is superior because it is more hydrophilic; if an anion-exchange binder with similar 
hydrophilicity could be used, that binder would not be subject to the mass transport limitations 
found from using Fumion.  At that point, the kinetic advantages from the extra OH
- 
anions could 
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then greatly improve the kinetics.  The key message here is that a proper amount of 
hydrophobicity is required for any binder to be viable in an alkaline fuel cell. 
4.3.8 Use of PtRu/C 
As part of the efforts to improve anode performance, a PtRu catalyst was tested at the anode.  
While PtRu is frequently used for carbon-based fuel oxidation, it is not routinely used for the 
hydrogen oxidation reaction.  Here, a PtRu anode was studied over time, where polarization 
curves were taken periodically and the cell was held at 0.4 V (the voltage for maximum power 
density) between experiments.  Figure 4.14a shows the high power density of 280 mW/cm
2
 
achieved using the PtRu anode, which is the highest power density in alkaline media achieved 
from the microfluidic fuel cell to date.  While the Pt cathode performance was stable over the 
course of the experiment, the PtRu anode overpotential did increase slightly, shown in Figure 
4.14c by an increase in Rohmic likely caused by mass transport limitations from flooding.  This 
trend persisted for the multiple PtRu anodes tested.   
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Figure 4.14: Polarization and power density curves for (a) PtRu and (b) Pt vs PtRu as well as 
anode overpotential for (c) PtRu and (d) Pt vs PtRu as a function of current density over time 
with 0.4 V applied between polarization curves.  Electrolyte: 3 M KOH.  Electrolyte flow rate: 
0.6 ml/min.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
The PtRu electrode substantially outperformed a Pt electrode with an identical loading.  
Figure 4.14b shows that the Pt electrode generates 203 mW/cm
2
, 71% of the power density of the 
PtRu electrode.  The PtRu electrode has a lower ηkinetic by 80 mV and a lower Rohmic by 33% 
(Figure 4.14d); this type of change in both parameters is ambiguous, but could be kinetic or mass 
transport effects.  Both electrodes demonstrated similar stability over approximately four hours, 
with the result of an increase in Rohmic due to mass transport losses. 
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There are several possible explanations for the improved PtRu performance.  Potentially, 
PtRu could remove contaminants that could be limiting Pt/C electrode performance.  It is also 
possible that the lower amount of carbon in the PtRu, as compared to the Pt, makes for a thinner 
catalyst layer with fewer gas transport issues. 
4.3.9 Effect of Pt loading 
Much fuel cell research has been devoted to reducing the amount of Pt used, as Pt is 
expensive and scarce.  While many studies have focused on non-Pt cathode catalysts, anode 
catalysts are frequently either Pt or a Pt-alloy.  Three anodes with 0.4, 1, and 2 mg/cm
2
 of Pt/C 
(50 wt% Pt) were synthesized and tested with a 5 M KOH electrolyte, the previously determined 
optimum for alkaline media.  Figure 4.15 shows that the 1 mg/cm
2
 and 2 mg/cm
2 
electrodes 
perform similarly in terms of both power density and anode overpotential.  This high level of 
performance indicates that the additional Pt in the 2 mg/cm
2
 electrode does not significantly 
improve performance, allowing for a cheaper anode design.  However, the 0.4 mg/cm
2
 Pt/C 
electrode yields much lower power density than the 1 mg/cm
2
 electrode.  This poor performance 
is due to mass transport limitations, which cause a maximum at 270 mA/cm
2
.  The effects of 
mass transport limitations also appear in the ohmic region.  Although the 0.4 mg/cm
2
 electrode 
has a similar ηkinetic to the 1 mg/cm
2
 electrode, the 0.4 mg/cm
2
 electrode has a Rohmic 260% higher 
than the 1 mg/cm
2
 electrode, which is again consistent with mass transport limitations.  These 
results demonstrate that 1 mg/cm
2
 of Pt/C is optimal for alkaline anodes in the microfluidic fuel 
cell, and that mass transport limitations are problematic for Pt/C loadings of 0.4 mg/cm
2
 or 
below. 
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Figure 4.15: (a) Polarization and power density curves and (b) anode overpotential as a function 
of current density for varying Pt/C loadings.  Electrolyte: 5 M KOH.  Electrolyte flow rate: 0.6 
ml/min.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
For comparison, the effect of Pt loading on acidic cathode performance was also studied.  As 
the acidic cathode has the same water management problems as the alkaline anode, the 
comparison can yield insight into general mass transport issues integral to water generation at a 
gas diffusion electrode.  Pt electrodes with loadings ranging from 0.1 to 2 mg/cm
2
 were 
synthesized and tested at the cathode of an acidic fuel cell using 3 M H2SO4 as the electrolyte.  
Figure 4.16a shows that the highest loading of 2 mg Pt/C/cm
2
 was optimal, as would be 
expected.  Consistent with the alkaline anode results, the performance drops off sharply below 1 
mg Pt/C/cm
2
.  Figure 4.16b demonstrates the very large increases in overpotential for Pt/C 
loadings below 1 mg/cm
2
; this loading effect is demonstrated in an increase in Rohmic.  Rohmic 
increases by 500% when dropping from a 2 mg Pt/C/cm
2
 loading to a 0.2 mg Pt/C/cm
2
 loading, 
indicative that electrode resistance (due to fewer catalytic sites) is increasing.  These results 
show that a higher Pt loading is necessary for good acidic cathode performance. 
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Figure 4.16: (a) Polarization and power density curves and (b) cathode overpotential as a 
function of current density for varying Pt/C loadings.  Electrolyte: 3 M H2SO4.  Electrolyte flow 
rate: 0.6 ml/min.  H2/O2 feeds: 10 SCCM. At room temperature. 
  
When comparing the acidic cathode to the alkaline anode, the acidic cathode benefits more 
from higher loadings of Pt.  However, the alkaline anode encounters strict mass transport 
limitations when using 0.4 mg/cm
2
, which may be due to H2 consumption being twice that of O2 
consumption.  The overall performance drops for both electrodes indicate that a large number of 
catalytic sites is necessary for good performance, and thus that organometallic catalysts would 
need a large amount of catalytic sites to achieve optimum performance. 
Air-breathing fuel cells also hold importance as a more energy-dense alternative to cells 
operating with convected oxygen.  Air has 1/5 of the pure O2 concentration, and stagnant air is 
also limited by diffusion.  These dual limitations could have a larger effect on an electrode with a 
lower catalyst loading, as mass transport limitations have a greater effect when O2 has to travel 
to fewer catalytic sites.  Electrodes with various Pt loadings were tested at the cathode with a 
quiescent air supply.  Figure 4.17 demonstrates the effect of Pt loading; the overall trends from 
before are supported, with 0.4 mg Pt/C/cm
2
 showing much higher overpotential than other 
loadings.  Compared to the results for convected O2, the 0.4 mg Pt/C/cm
2
 electrode showed a 
much greater increase in Rohmic (0.8 Ω-cm
2
 for air-breathing versus 0.4 Ω-cm2 for convected O2) 
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relative to the 2 mg Pt/C/cm
2
 electrode.  These results show that electrodes with lower Pt 
loadings show a larger performance drop; this finding could also apply to electrodes with fewer 
catalytic sites (e.g. organometallic catalysts). 
 
Figure 4.17: (a) Polarization and power density curves and (b) cathode overpotential as a 
function of current density for varying Pt/C loadings.  Electrolyte: 3 M H2SO4.  Electrolyte flow 
rate: 0.6 ml/min.  H2 feed: 10 SCCM. O2 feed: quiescent air.  At room temperature. 
4.3.10 Comparison between acidic and alkaline media 
To compare performance in alkaline media to the more common acidic media, we operated 
the fuel cell with 3 M KOH and with 3.5 M H2SO4.  The concentration of sulfuric acid was 
chosen for the high conductivity of 660 mS/cm and the relatively high proton concentration, 
while higher concentrations were avoided due to potential sulfate poisoning.  Both electrodes had 
a loading of 2 mg Pt/C/cm
2
; the same electrodes were used in both alkaline and acidic media.  
Both electrodes had been used in approximately 20 separate polarization curves beforehand, so 
the performance is lower and the resistances are higher than the equivalent values would be for 
newly made electrodes due to loss of hydrophobicity over time.  The electrode used as the anode 
in alkaline media was used as the cathode in acidic media, to account for the shift in water 
generation from the anode to the cathode.  The fuel cell used a 1 mm separator for these trials.  
The results from the trial are shown in Figures 4.18a-c: 
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Figure 4.18: (a) Polarization and power density curves, (b) cathode plot, and (c) anode plot for a 
Pt/Pt fuel cell.  Electrolyte flow rate: 0.3 ml/min.  H2/O2 feeds: 10 SCCM.  At room temperature. 
 
The resulting power density curves show that acidic media yields 82% higher power density 
than alkaline media.  The improvement in performance is due to the greatly improved anode 
performance in acidic media (Figure 4.18c), which is supported by RDE experiments conducted 
by Sheng et al. [17].  While the cathode yields superior performance in alkaline media (Figure 
4.18b), the improved performance is not sufficient to offset the decreased anode performance.  
The better overall performance using acidic media is also influenced by the Nafion binder 
conducting protons in acidic media.  While the usage of Nafion does favor acidic media over 
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alkaline media, the equivalent alkaline binders have not been tested nearly as extensively as 
Nafion and often require very different preparation procedures (i.e., higher temperature or a 
different solvent).  Since the power densities from alkaline media shown here are higher than 
previously reported alkaline media power densities of 110 mW/cm
2
 in this setup [2, 8, 18], the 
use of Nafion instead of the previous PTFE binder does not appear to inhibit performance. 
The overall polarization curve in Figure 4a shows mass transport limitations for both setups, but 
the onset of mass transport limits occurs earlier in 3 M KOH.  In both setups, the mass transport 
limitations occur at the anode.  Since the anode in acidic media is not susceptible to flooding, 
due to the water consumption from the anodic hydrogen oxidation, the mass transport loss is due 
to the adsorption from the HSO4
-
 anions found in the electrolyte [15, 19].  This specific result 
differs from conditions found inside PEMFCs, since there are not normally spectator anions 
within a PEMFC, but the other results can be considered broadly applicable to membrane-based 
setups. 
Table 4.1 shows Rohmic and ηkinetic for acidic and alkaline media.  The cathode ηkinetic is 0.12 V 
less in alkaline media, demonstrating the improved ORR kinetics in alkaline media.  However, 
the anode ηkinetic increases by 100 mV and the anode Rohmic increases by 130%, demonstrating the 
effects of inferior anode performance in alkaline media due to slower kinetics and water buildup. 
 
Table 4.1: Single-electrode fits for acidic and alkaline media 
 
Cathode Anode 
Electrolyte ηkinetic (V) 
Rohmic 
(Ω-cm2) 
ηkinetic (V) 
Rohmic 
(Ω-cm2) 
3.5 M H2SO4 0.50 0.24 0.01 0.20 
3 M KOH 0.38 0.37 0.11 0.46 
4.3.11 Comparison with impedance in alkaline media   
The alkaline results from the single-electrode plots in the previous section were compared 
with results obtained using EIS.  The impedance for the cell was determined at applied voltages 
69 
 
of 800, 600, 400, and 300 mV.  These voltages were used instead of compensating for the 
contact resistance in order to enable better comparisons with the values obtained for Rohmic and 
ηkinetic, since those values were obtained at applied voltages ranging from 800 mV to 0 mV in 
steps of 100 mV.  The contact resistance (Rcontact) at each applied voltage was calculated using 
the data from the polarization curves in Equation 4.2: 
 
                         (4.2) 
 
Where V = voltage within the cell (V) 
Vapplied = voltage applied by potentiostat (V) 
 
This Rcontact value was subtracted from the reported Rcell value to obtain the “corrected Rcell” 
value, which is the Rcell value that would be obtained in a real cell without the contact resistances 
inherent to our modular experimental cell.  For alkaline media, the impedance data shown in 
Figure 4.19a shows constant Rcell and reduced Rct with decreasing voltage, following the trends 
established in our previous work [2, 20].  The improved kinetic performance at lower voltages is 
responsible for the reduced Rct. 
 
Figure 4.19: Impedance spectra for (a) alkaline media using 3 M KOH and (b) acidic media 
using 3.5 M H2SO4.  Electrolyte flow rate: 0.3 ml/min.  H2/O2 feeds: 10 SCCM.  At room 
temperature. 
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The residual Rcell, which is the corrected Rcell subtracted by the known electrolyte ohmic 
losses, is shown in Table 4.2, along with the RCT values.  The residual Rcell encapsulates the 
losses from the electrodes themselves, due to the resistance between the catalyst and the backing 
layer, the resistance of the backing layer, and the resistance between the backing layer and the 
graphite current collector.  The results show that the IR drop from the solution does not explain 
all of the resistance within our cell and electrode resistances play a significant role in 
determining performance.  Comparing the sum of the cathode and anode Rohmic values to the 
corrected Rcell values indicates that Rohmic takes more than just the ohmic losses into account, as 
explained previously.  As the cell voltage drops, the sum of Rcell and RCT drops until it is similar 
to the total Rohmic value, showing that determination of Rohmic can yield similar results to 
impedance data without requiring additional experimentation. 
 
Table 4.2: Impedance values for alkaline media 
Actual (Applied) 
voltage (mV) 
Corrected 
Rcell (Ω-cm
2
) 
Rsolution 
(Ω-cm2) 
Remaining 
Rcell (Ω-cm
2
) 
RCT 
(Ω-cm2) 
Rcell + RCT 
(Ω-cm2) 
total Rohmic 
(Ω-cm2) 
801 (800) 0.26 0.20 0.06 1.65 1.91 0.83 
631 (600) 0.30 0.20 0.10 0.78 1.08 0.83 
463 (400) 0.30 0.20 0.10 0.62 0.92 0.83 
380 (300) 0.29 0.20 0.09 0.56 0.85 0.83 
 
4.3.12 Comparison with impedance in acidic media 
For acidic media, the impedance data in Figure 4.19b shows a much higher initial RCT than in 
alkaline media at 0.8 V, due to the inferior acidic cathode kinetics; however, the acidic RCT is 
lower than  the alkaline RCT at voltages 0.6 V and below, due to the superior acidic anode 
kinetics.  The Nafion binder plays a role in reducing the acidic RCT due to the proton 
conductivity. 
Table 4.3 shows the Rcell and RCT values for acidic media.  The remaining Rcell for acidic 
media is smaller than that for alkaline media.  This result is unexpected because the same 
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electrodes were used in both trials.  This result may indicate that the type of electrolyte, which is 
more conductive in acidic media, can play a role in the electrode resistance, since current must 
travel from the catalyst to the electrode and the binder is not as electrically conductive as the 
electrolyte.  The total Rohmic follows the same pattern as the residual Rcell, in that it is lower in 
acidic media.  As the cell moves towards lower voltages, the combined Rcell and RCT again 
become very similar to the total Rohmic. 
Comparison of acidic and alkaline conditions demonstrates one limitation of impedance.  
Although the Rcell and Rct values for the acidic fuel cell at 600 mV applied are smaller than the 
values for the alkaline fuel cell at 300 or 400 mV applied, which would normally indicate 
superior performance from the fuel cell, the power density for the acidic fuel cell at 600 mV 
applied is smaller than the power density for the alkaline fuel cell at 300 or 400 mV applied.   
This result illustrates the limitations of impedance, in that lower resistances do not always 
correlate with superior power densities when comparing between different cells.  Thus, EIS is 
restricted to functioning as an analytical method to explain differences in performance, whereas 
quantification with single-electrode plots can predict differences in performance because it takes 
into account the electrode behavior that determines power density. 
 
Table 4.3: Impedance values for acidic media 
Actual (Applied) 
voltage (mV) 
Corrected 
Rcell (Ω-cm
2
) 
Rsolution 
(Ω-cm2) 
Remaining 
Rcell (Ω-cm
2
) 
RCT 
(Ω-cm2) 
Rcell + RCT 
(Ω-cm2) 
total Rohmic 
(Ω-cm2) 
803 mV (800 mV) 0.15 0.15 0.00 2.40 2.56 0.44 
624 mV (600 mV) 0.20 0.15 0.05 0.45 0.65 0.44 
463 mV (400 mV) 0.19 0.15 0.04 0.23 0.43 0.44 
384 mV (300 mV) 0.18 0.15 0.03 0.23 0.41 0.44 
4.3.13 Prediction of fuel cell power density using single-electrode data 
While it is informative to improve the electrodes in our alkaline fuel cell, these results are 
more valuable if they can be used to predict performance in different configurations.   Since fuel 
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cell electrodes are commonly tested under varying conditions with different anodes and 
cathodes, simulation of fuel cell performance with two electrodes together is desirable.  Based on 
the information provided by single-electrode plots, it is trivial to simulate full cell performance 
with two electrodes that have been tested separately, if they are both tested under the same 
conditions.  Equation 4.3 gives the cell voltage as a function of electrode overpotentials: 
                          (4.3) 
The ΔV for each electrode is determined using Equation 1, yielding the cell voltage as a function 
of current (or vice versa).  Finally, the power density (VI) can be calculated and plotted.  The 
two electrode plots versus RHE can be created in the same fashion.  The anode potential is 
identical to the overpotential and the cathode potential for a H2 fuel cell follows Equation 4.4: 
                         (4.4) 
This method was used for a Ag cathode with ηkinetic = 0.48 V and Rohmic = 0.78 Ω-cm
2
, along with a 
Pt anode with ηkinetic = 0.029 V and Rohmic = 2.56 Ω-cm
2
.  The fuel cell had a 2 mm thick 
electrolyte.  The model and experimental power density curves and two electrode plots are shown in 
Figures 4.20a-b.  
  
Figure 4.20: (a) Polarization curves and (b) two electrode plots for a Pt/Ag alkaline fuel cell. 
Electrolyte: 1 M KOH.  Electrolyte flow rate: 0.6 ml/min.  H2/O2 feeds: 50 SCCM.  At room 
temperature. 
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As expected, the model shows good agreement with the experimental data, since electrode 
behavior is largely independent of the other electrode (with exceptions for mass transport 
effects), as long as the other electrode still supplies the same reactive ions.  The inaccuracy at 
low current density is expected because the kinetic losses are assumed to happen all at once, 
instead of increasing with current density.  The power density of the cell is predicted to within 
5% of the actual value, which can be considered a rough measure of the inaccuracy inherent to 
using a linear approximation for the linear region of a nonlinear curve.  However, the true value 
of this type of modeling stems from the ability to predict electrode behavior in new situations.  
To test the predictive ability of this method, we chose to test the Ag electrode under new 
conditions with 3 M KOH instead of 1 M KOH, a 1 mm thick electrolyte instead of a 2 mm 
electrolyte, and an anode that can achieve higher current densities.  To obtain the effects of using 
3 M KOH instead of 1 M KOH, we tested a Ag electrode that used a different backing layer; 
Rohmic decreased by 25 Ω-cm
2
 and ηkinetic decreased by 24 mV when changing to 3 M KOH.  For 
the effect of changing electrolyte thickness to 1 mm, we used the method stated in the previous 
section to IR-correct using half of the 2 mm solution resistance.  Even though IR-corrections 
were tested for a Pt cathode instead of a Ag cathode, the effect of the electrolyte, along with the 
OH
-
 gradient, would not significantly change as a function of the catalyst.  The flow rate was 
also halved to maintain the same superficial velocity through the channel.  The model and 
experimental power density curves and two electrode plots are shown in Figures 4.21a-b. 
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Figure 4.21: (a) Polarization curves and (b) two electrode plots for a Pt/Ag alkaline fuel cell. 
Electrolyte: 3 M KOH.  Electrolyte flow rate: 0.3 ml/min.  H2/O2 feeds: 50 SCCM.  At room 
temperature. 
The power density prediction was accurate within 10% inside the model range, with deviation 
exceeding 30% at current densities below 9 mA/cm
2
 or above 500 mA/cm
2
.  The deviation at 
high current densities occurs because the additional kinetic losses are smaller.  The main 
inaccuracy comes from the anode at higher current densities, possibly due to the same reason.  
Further testing could yield better approximations for the expected losses at higher current 
densities. 
4.4. Conclusions 
In summary, we reported on experiments to determine the effects of altered electrode 
hydrophobicity, with the ultimate goal of improving electrode performance in alkaline media.  
Later batches of the Sigracet backing layer were found to induce flooding, while a similar Toray 
backing layer with 20 wt% PTFE was robust for both short term studies and extended trials.  
Increasing the hydrophobicity of the catalyst layer by increasing the Nafion wt% reduced 
overpotential, whereas use of the highly hydrophobic additive silicone oil increased 
overpotential.  Use of Nafion binder led to superior performance compared to use of either non-
conductive hydrophobic PTFE or anion-conductive hydrophobic Fumion.  We also found that 
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using an anode with PtRu/C as the catalyst yielded high power densities and that Pt loading 
below 0.5 mg/cm
2
 greatly hampered performance.  Finally, we demonstrated that acidic media 
outperforms alkaline media in our fuel cell, and that it is possible to model the single electrode 
results from these experiments. 
Understanding and being able to quantify the effects of hydrophobicity greatly benefits the 
investigation of alternate anode catalysts for operation in alkaline media.  Specifically, the 
hydrophobicity of the backing and catalyst layer must be carefully controlled to prevent flooding, 
which is known to limit achievable current densities.  Understanding the causes behind anode 
overpotential losses is necessary to improve the applicability of alkaline fuel cells as power 
sources.  Looking forward, investigation of (i) PtRu/C catalysis at the anode and (ii) hydrophilic 
anion-conductive binders holds promise for further improvement of anodes for use in alkaline 
fuel cells. 
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Chapter 5: Development and testing of a novel Cu-
based ORR catalyst within an acidic fuel cell 
 
5.1 Introduction 
 The high cost and limited supply of Pt has spurred research into alternatives for Pt in both 
alkaline and acidic media [1-3].  While metal nanoparticles such as Ag have been the subject of 
much research in alkaline media, those particles typically have significantly lower activity than 
Pt and are not stable in acidic media [1].  An alternative to nanoparticle-based catalysts is to use 
a biological enzyme that performs the same oxygen reduction reaction (ORR) in nature [4, 5].  
Laccase is one enzyme that yields very low overpotentials for the ORR, with onset potentials of 
up to 1.2 V (as compared to the 1.23 V theoretical maximum) [4].  Due to this minimal 
overpotential, laccase and its derivatives have been studied intensely in biological fuel cells, 
which use an enzyme at one or both electrodes to catalyze the reaction [4, 6-8].  While these fuel 
cells have theoretical promise, they typically suffer from very low current densities.  Sample 
results from literature are shown from Table 5.1 [6].  The low current density in these cells 
results in power densities ranging from 0.016 mW/cm
2
 to 2.5 mW/cm
2 
s [6, 9-11]; perhaps as a 
result, the units for biological fuel cell power density tend to be μW/cm2 (10-3 of a mW/cm2) or 
mW/m
2
 (10
-4
 of a mW/cm
2
).  These limitations typically leave biological fuel cells in a limited 
niche for very low power density or where power generation is secondary to consuming the fuel 
(e.g. wastewater treatment) [6-8]. 
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Table 5.1: Sample literature results for enzymatic fuel cells 
Author Cathode/fuel Anode/fuel 
Power Density 
(mW/cm
2
) 
Luo et al. [6] Laccase/O2 Carbon cloth/glucose       0.016 
Colmati et al. [9] 
C. pepo 
peroxidase/O2 
Pt/H2     0.12 
Borole et al. [10] Laccase/air Pt/H2     0.94 
Gellett et al. [11] Laccase/air PtRu/H2 ~2.5 
 
Using biomimetic or bioinspired catalysts, consisting of an organometallic complex based on 
the active site of an enzyme, can potentially combine the high current density of an inorganic 
catalyst with the low overpotential and high selectivity of an enzyme.  Substantial literature has 
been devoted to these bioinspired catalysts [5, 12-14].  Of these catalysts, Cu triazole uses two 
Cu-N centers that are similar to the triple Cu-N centers at the heart of a laccase enzyme.  This 
catalyst has been successfully demonstrated to work in an alkaline fuel cell [15].  However, its 
efficacy has not been demonstrated in acidic media.  An alternate Cu-based catalyst, CuTPA 
(Cu–[tris(pyridin-2-ylmethyl)amine]), has shown promise during RDE experiments, 
demonstrating the highest onset potential for a Cu-based catalyst in acidic media [13]. 
 Here, we report on the application and performance of these two Cu-centered catalysts in a 
microfluidic acidic fuel cell, with a focus on CuTPA.  We discuss the applicability of CuTPA to 
a conventional electrode, and discuss the new challenges that arise in translating catalysts from a 
RDE setup to a fuel cell.  In addition, we demonstrate performance improvements for the CuTPA 
catalyst and discuss the resulting tradeoffs.  Finally, we compare CuTPA to Cu triazole, Pt, and 
biological enzymes in acidic media. 
 The experimental methods used here are discussed in Section 4.2. 
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5.2 Results and Discussion 
5.2.1 Stabilizing the CuTPA catalyst 
 The CuTPA catalyst is a cationic catalyst whose solubility depends on the anion used with 
the catalyst. The ClO4
-
 form was soluble in water and was thus unsuitable for fuel cell usage, 
particularly with a liquid electrolyte. Immobilization with high loadings of Nafion did not 
prevent catalyst dissolution, so the form tested here was with quaternary phenylated B
-
 anion, 
which is bulky and hydrophobic to prevent dissolution (Figure 5.1).  Previously, the catalyst was 
tested at pH 1, where it remained stable for 24 hours [13].  The catalyst was loaded onto the 
electrode at 4 mg/cm
2
 and tested with a Pt anode in a fuel cell using 1 M H2SO4.  The 1 M 
H2SO4 electrolyte has a concentration of protons similar to that found in the Nafion membrane 
commonly used in fuel cell studies, making it suitable for analytical studies in acidic media.  The 
initial results from testing showed surprisingly good cathode voltages, with low overpotential 
comparable to Pt (Figure 5.2a).  However, the fuel cell only reached very low current densities ≤ 
2 mA/cm
2
, which is a surprising result for a catalyst that would perform on the same level as Pt. 
 
 
Figure 5.1: Anion used with CuTPA cationic catalyst. 
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Figure 5.2: (a) Cathode overpotential and (b) anode overpotential as a function of current 
density.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: Pt/C-CuTPA.  
H2/O2 feeds: 10 SCCM. At room temperature. 
 
The answer to this problem lies in the anode behavior (Figure 5.2b).  The typical Pt anode 
performance is shown as a minimal overpotential, essentially zero for current densities ≤ 10 
mA/cm
2
.  However, the anode showed far greater overpotentials when tested with CuTPA, 
despite being the same electrode.  The solution to the problem lies in the anode not undergoing 
the hydrogen oxidation reaction, and instead acting as a counter electrode for a cathode reaction 
distinct from the oxygen reduction reaction.  Although the catalyst was stable at pH 1, 
dissolution of the catalyst was still a logical theory, so the catalyst was left in 1 M H2SO4 
overnight to determine stability.  The results showed that the catalyst did dissolve in strong acid.  
While this outcome was unexpected in the fuel cell, where exposure to the acid was on the order 
of minutes rather than hours, the high potential may have facilitated dissolution.  Further 
investigation revealed that the anion was dissolving in acid.  To prevent the anion dissolution, 
CuTPA was used with a fluorinated version of the same anion, which has 24 fluorine atoms that 
withdraw the negative charge and thus stabilize the boron center (Figure 5.3).  Acid stability 
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testing of this catalyst revealed minimal degradation, so this fluorinated anion form was used for 
the remainder of these experiments. 
 
Figure 5.3: Fluorinated quaternary boron anion used in CuTPA experiments 
 
5.2.2 Initial CuTPA limitations 
 After stabilizing the CuTPA catalyst, it was ready for further testing.  CuTPA was loaded 
onto an electrode at 4 mg/cm
2
, in accordance with the optimum for Cu triazole, and 2 mg/cm
2
, in 
accordance with the standard loading of Pt in the microfluidic fuel cell [15].  When tested, the 
anode performed as a standard fuel cell anode; thus, further anode overpotential curves are not 
shown.  Figure 5.4 shows the cathode overpotential curves for the two CuTPA loadings, as well 
as for a Pt/C electrode.  The CuTPA electrode showed very high overpotential, approaching that 
of the 1.23 V generated by the entire fuel cell.  While the potential at 0 mA/cm
2
 was reasonably 
suitable for a non-Pt catalyst, with overpotential values of 0.5 to 0.7 V (0.73 to 0.53 V vs SHE), 
the catalyst polarized very poorly.  A more unusual result was that the higher loading of 4 
mg/cm
2
 yielded only half of the current generated by the 2 mg/cm
2
 electrode.  The Rohmic value 
was responsible for this, in that the polarization resistance was greatly increased for the 4 
mg/cm
2
 electrode.  While CuTPA appears to have a detrimental effect upon cathode 
performance, it seemed more likely that the highly hydrophobic nature of the catalyst prevented 
the excess CuTPA from being used.  These types of electrode losses are very important in fuel 
cell operation, but are not readily apparent in RDE experiments. 
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Figure 5.4: Cathode overpotential as a function of current density for varying cathodes.  
Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  H2/O2 feeds: 10 SCCM. At room 
temperature. 
 
5.2.3 Supporting on carbon 
 To enhance the dispersion of the catalyst and promote wetting, the CuTPA catalyst was 
supported by precipitation onto carbon black at varying wt% (14.7, 45.9, and 63.7 wt%).  The 
CuTPA/C catalyst was then painted onto electrodes at a total loading of 2 mg/cm
2
 of catalyst + 
support and tested in the microfluidic fuel cell.  Figure 5.5a shows the resulting power density 
curves, which show up to a 100 fold improvement in power density when going from 
unsupported CuTPA to 14.7 wt% CuTPA on carbon.  The trends in Figure 5.5a show that the 
performance increases with decreasing CuTPA wt%; further studies with lower wt% CuTPA 
showed a slight decrease in performance.  The cathode overpotentials are shown in Figure 5.5b, 
which demonstrates that the 14.7 wt% CuTPA is superior to the other catalysts due to a lower 
Rohmic, while ηkinetic is approximately constant.  This result is consisted with the improvement 
occurring due to improved catalyst dispersion and conductivity. 
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Figure 5.5: (a) Polarization and power density and (b) cathode overpotential as a function of 
current density.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: Pt/C-
CuTPA/C.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
 Although the results from Figure 5.5b support the dispersion and conductivity theory, 
catalysis by the Vulcan carbon support is also possible.  Vulcan carbon catalyzes many reactions, 
albeit slowly, and the low current densities obtained from the cell could be possible with just the 
support.  To determine if the support played the major role in producing current, the fuel cell was 
tested with 1 mg/cm
2
 Vulcan carbon and the standard Pt/C anode.  Figure 5.6a shows that while 
the Vulcan carbon catalyst outperforms the unsupported CuTPA, the 63.7 and 14.7 wt% samples 
outperform the Vulcan carbon cathode by producing 2x and 9x greater power density, 
respectively.  Figure 5.6b illustrates that the CuTPA/C catalyst produces current at substantially 
lower voltages than the carbon support alone.  For instance, the support at 1 V of overpotential 
produces at most 1.5 mA/cm
2
 of current, which is considerably less than the CuTPA/C output at 
that range.   
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Figure 5.6: (a) Polarization and power density and (b) cathode overpotential as a function of 
current density.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: Pt/C-
CuTPA/C.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
Although this study demonstrated that CuTPA was necessary for higher performance, the 
Vulcan carbon still produced more maximum current than the 63.7 wt% CuTPA sample, 
indicating that the CuTPA sample has several limitations not caused by the support.  The mass 
transport limitations appearing at higher current densities for 63.7 wt% CuTPA indicate that a 
factor such as poor catalyst wetting may hinder performance.  An alternate explanation is that 
higher loadings of CuTPA have higher resistivity due to the poor electrical conductivity of the 
ionic catalyst, supported by the higher Rohmic for higher CuTPA loadings.  One other hypothesis 
is that poisoning from anions could be lowering the catalyst activity.  These explanations were 
investigated in the remainder of this chapter.   
5.2.4 Identifying performance limitations 
To investigate the anion-blocking hypothesis, the fuel cell was tested with 0.1 M HClO4 (the 
electrolyte with weak anion adsorption used in RDE experiments) and 1 M 
trifluoromethanesulfonic (triflic) acid, in place of the conventional 1 M H2SO4.   Figure 5.7 
shows the cathode overpotential for the three electrolytes; the cathode performance using 0.1 M 
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HClO4 was substantially better than the performance with 1 M sulfuric or triflic acid.  However, 
a subsequent trial with 1 M HClO4 did not show substantially improved performance, and the 
resulting explanation is that the lowered acid concentration, not the anion change, was 
responsible for the performance improvement.  This result is unfortunate because the Pt anode 
overpotential was substantially higher at pH 1 due to the loss of conductivity in the electrolyte, 
and the maximum power density remained constant due to this conductivity loss. 
 
 
Figure 5.7: Cathode overpotential as a function of current density for varying electrolytes.  
Electrolyte flow rate: 0.6 ml/min.  Electrodes: Pt/C-CuTPA/C.  H2/O2 feeds: 10 SCCM. At room 
temperature. 
 
The two explanations of electrical conductivity and poor wetting still remained to be tested.  
To determine the resistance of the system, electrical impedance spectroscopy was used.  This 
method generates an arc with an x-intercept, which is the Rcell term that constitutes the electrical 
resistance of the system (electrodes, electrolyte, and potentiostat connections).  Impedance was 
used with 0.1 M HClO4 in two fuel cells, which contained Pt/C cathodes and CuTPA/C cathodes.  
Figure 5.8 shows the Rcell values for the two systems; the Pt-CuTPA system had a Rcell value that 
was ≤ the value for the Pt-Pt system, indicating that the electrical conductivity of the CuTPA/C 
electrode was at least as high as that of the Pt electrode.  The difference in Rcell values could be 
due to error, or could be due to a higher wt% carbon for the CuTPA/C catalyst. 
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Figure 5.8: Impedance results for varying cathode catalysts.  Electrolyte: 0.1 M HClO4.  
Electrolyte flow rate: 0.6 ml/min.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
 The remaining explanation for poor CuTPA performance was that poor wetting was 
hampering performance.  Wetting can approximated by simple water droplet studies, where a 
water droplet is left on the catalyst layer for a period of time.  In previous work, Pt/C was shown 
to wet significantly after 1 hour of exposure to water; treatment with silicone oil increased the 
hydrophobicity, but this change reduced performance (Section 4.3.4).  The CuTPA/C electrode 
was much more hydrophobic than the Pt/C, as shown by a higher contact angle and remained 
that way over one hour (Figure 5.9); this heightened hydrophobicity may be hampering the 
electrode performance.  Unfortunately, this loss is intrinsic to having a charged water-soluble 
cation as the catalyst, since a hydrophobic anion is necessary to prevent catalyst dissolution.  
Hydrophobicity losses can play a major role in a fuel cell, but frequently go unrecognized in 
RDE experiments. 
 
 
Figure 5.9: Hydrophobicity of a CuTPA/C electrode initially and after one hour. 
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5.2.5 Comparison to Cu triazole 
 To investigate whether CuTPA was the optimal Cu-centered catalyst in acidic media, Cu 
triazole was tested.  Cu triazole has been well-established in alkaline media, but has not gained 
much attention in acidic media.  Cu triazole and CuTPA both have analogous Cu-N centers and 
make for a logical comparison, although CuTPA was shown to be better on a RDE [13].  Both 
electrodes were tested with 0.1 M H2SO4 and 1 M H2SO4; the 1 M H2SO4 results are shown in 
Figure 5.10.  Despite the RDE results, the Cu triazole electrode generated 140% more power 
density than the CuTPA electrode when using 1 M H2SO4.  Although the CuTPA outperformed 
Cu triazole when using 0.1 M H2SO4, the maximum power density of 5 mW/cm
2
 for CuTPA was 
substantially less than 12 mW/cm
2
 for Cu triazole.  Since a fuel cell can be engineered to use the 
optimum for either catalyst, the Cu triazole was the superior choice.  Figure 5.10b shows that Cu 
triazole has a lower ηkinetic than CuTPA by 0.1 V, which is also supported by the polarization 
curves.  This lower overpotential is the opposite of the RDE results, but Cu triazole lacks the 
hydrophobic disadvantages intrinsic to CuTPA.  Since hydrophobicity issues do not appear for 
the low loadings on a RDE, this difference would best be determined by testing in an actual fuel 
cell. 
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Figure 5.10: (a) Polarization and power density and (b) cathode overpotential as a function of 
current density for Cu triazole and CuTPA.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 
ml/min.  Electrodes: Pt/C-CuTPA/C.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
5.2.6 Viability of Cu-centered catalysts in acidic media 
 Overall, the Cu-centered catalysts can generate power on the order of mW/cm
2
 at pH 0.  
When compared to the literature results, this performance is superior to results that use the Cu-
centered enzyme laccase (Table 5.2), demonstrating that inorganic catalysis methods can yield 
substantial improvements.  However, both Cu-centered catalysts trail far behind a Pt/Pt fuel cell 
operated under the same conditions.  Even Cu triazole generates less than 1/25 of the power 
density of the Pt/Pt fuel cell. 
Table 5.2: Comparison between enzymatic fuel cells and this work 
Author Cathode/fuel Anode/fuel 
Power Density 
(mW/cm
2
) 
Luo et al. [6] Laccase/O2 Carbon cloth/glucose             0.016 
Gellett et al. [11] Laccase/air PtRu/H2      ~2.5 
This work 
CuTPA/O2 
Pt/H2 
       4.8 
Cu triazole/O2   12 
Pt/O2 306 
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 The ultimate question is whether these Cu-centered catalysts are viable for power generation 
applications.  The first question would be whether these catalysts could replace Pt, ignoring 
efficiency concerns and focusing solely on maximum power density and catalyst used.  Standard 
loadings in a Pt-Pt acidic fuel cell are 0.2 mg/cm
2
 for the anode and 0.5 mg/cm
2
 for the cathode 
(which has a more demanding reaction).  While the cathode catalyst alone could be replaced 
100% by Cu triazole, that change requires more Pt at the anode to generate more power density.  
Thus, the new fuel cell must generate at least 2/7 of the power density generated by a Pt-Pt fuel 
cell to use less total Pt.  By this metric, neither Cu triazole nor CuTPA, in their present forms, are 
viable as a means to replace Pt in acidic fuel cells.  If these catalysts were viable, the next tests 
would involve the fuel utilization and energy efficiency of the cell, which are typically much 
lower with non-Pt catalysts.  Due to these constraints and the increased system bulk inherent to a 
larger catalytic area, a viable cell would generate well over 2/7 of the power density of a Pt/Pt 
fuel cell.  While the Cu-N catalysts are not viable at this point, substantial possibility remains to 
enhance their performance by tailoring the ligands, offering promise for future studies. 
 
5.3 Conclusions and future work 
 We offer concepts gleaned from these studies:  (1) Screen catalysts at pH 0, in addition to the 
0.1 M HClO4 electrolyte typically used, to ensure catalyst stability.  (2) Investigate the 
hydrophobicity of the catalyst before use in a fuel cell; highly hydrophobic catalysts may not be 
viable.  (3) Test the catalyst in a fuel cell, preferably one with a reference electrode, to determine 
if it is properly performing the desired reaction.  (4) Support the catalyst at a low wt% initially, 
to minimize resistivity or wetting issues.  (5) Determine a baseline effectiveness for the catalyst, 
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either relative to other catalysts or in absolute terms.  A catalyst that is currently ineffective can 
be improved later, but the current viability is still significant. 
 Future work would focus on testing more advanced forms of these catalysts, either with 
improved ligands or with tri-copper centers.  The tri-copper centers, in particular, show promise 
due to their similarities to the active site in laccase.  Despite the challenges in using a non-metal 
catalyst, a catalyst with a low initial overpotential could mitigate many of these challenges by 
simply using more voltage to overcome Rohmic losses.  The wide-open nature of research into Cu-
centered catalysis offers many future opportunities for fuel cell innovation. 
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Chapter 6: Development and testing of a H2-powered 
laminar flow fuel cell 
6.1 Introduction 
Laminar-flow fuel cells have shown substantial advantages for power generation due to two 
separated streams reducing crossover and elimination of the need for a membrane [1-4].  
Laminar-flow fuel cells have historically focused on liquid-liquid (citation) or gas-liquid 
(citation) setups. This focus may be due to the greater need for a barrier between fuels such as 
methanol or sodium borohydride and a cathode, as opposed to a lesser effect from hydrogen 
crossover [5-7].  However, a laminar flow design, as applied to a hydrogen fuel cell, has 
potential advantages as both a power source and an analytical platform.  Control over the local 
pH and electrolyte composition can enhance electrode performance by accommodating different 
optimum conditions for each electrode [8, 9], while the stream independence in a laminar flow 
design allows for contaminant screening at a single electrode [10].  These advantages do not 
apply for conventional hydrogen fuel cells with a single electrolyte. 
We discuss here the development of a H2-powered laminar-flow fuel cell.  Earlier versions of 
the fuel cell are discussed, along with the changes needed to make the cell viable.  The power 
generation and laminar-flow capabilities are demonstrated by running acid in parallel with base 
to increase the cell voltage beyond the theoretical maximum.  The viability of this configuration, 
along with several others, is discussed based on energy density.  Finally, the analytical 
capabilities of this cell are demonstrated by testing NaBH4 as a cathode contaminant, which had 
eliminated fuel cell performance in the microfluidic fuel cell. 
The experimental methods used here are discussed in Section 4.2. 
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6.2 Results and discussion 
6.2.1 Initial LFFC versions 
The first LFFC design tested was a modification of the standard electrolyte separator, which 
involved a secondary electrolyte stream flowing at a ~30° angle into the separator.  This design 
caused rapid mixing and was not tested further.  The second iteration, shown in Figure 6.1, 
involved a conventional Y-junction design [2] with the same dimensions as the conventional 
separator.  Early dye testing results showed promise, with laminar flow largely maintained 
throughout the channel. 
The configuration chosen to test the cell was a acid-base configuration, where 3 M H2SO4 
was flowed at the cathode and 3 M KOH was flowed at the anode.  The rationale for this 
configuration was that acidic potentials are higher than alkaline potentials and the cathode 
benefits most from this potential shift; the anode was used with alkaline media for the inverse 
reason.  The results is a cathode with a theoretical potential of 1.23 V vs SHE and an anode with 
a theoretical potential of -0.83 V vs SHE, leading to a total cell potential of 2.06 V [11-13].  
Since a typical H2 fuel cell has a theoretical voltage of 1.23 V, this added voltage has substantial 
potential to generate more power.  Although alkaline cathode and acidic anode reactions are 
faster than their opposing media counterparts, these kinetic improvements do not offer enough to 
offset the 0.83 V shift, when the ηkinetic is typically at 0.3-0.5 V (Section 3).  In addition, this 
configuration allows for easy mixing detection, as the mixing products KHSO4 and K2SO4 are 
far less soluble than KOH or H2SO4. 
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Figure 6.1: Earlier prototype of the laminar-flow fuel cell 
This version of the LFFC was tested using a Pt/Pt setup with 3 M H2SO4 at the cathode and 3 
M KOH at the anode.  Figure 6.2 shows that the cell yielded high potential (1.7 V) indicative of 
successful acid-base separation; 1.23 V is the absolute maximum for a H2-O2 fuel cell operating 
with a uniform pH.  However, this performance was unstable and succumbed to mixing after 
approximately three minutes during polarization (Figure 6.2).  The current density rapidly 
dropped to zero until the cell was in the normal operating range; in this case, the fuel cell 
displayed acidic fuel cell behavior, with power density of 180 mW/cm
2
.  This result was due to 
mixing of the electrolyte to form a 3 M KHSO4 electrolyte, which performs worse than the 
standard 3 M H2SO4 electrolyte (Section 4).  Further testing revealed that the conventional Y-
junction [2] is not suitable for gas-gas laminar flow fuel cells, as the transverse velocity promotes 
mixing.  This consideration was used to design the final H2-O2 fuel cell configuration. 
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Figure 6.2: Polarization curve as a function of current density for 3 M H2SO4/3 M KOH fuel 
cell.  Electrodes: Pt/Pt.  Electrolyte: 3 M KOH/3 M H2SO4.  Electrolyte flow rate: 0.3 ml/min.  
H2/O2 feeds: 50 SCCM. At room temperature. 
6.2.2 Demonstration of laminar-flow behavior 
The last design change was to introduce the streams in parallel (a = junction), to minimize 
flow disturbance from any transverse velocity.  The final gas-gas laminar flow fuel cell, used 
here as a H2-O2 fuel cell, is shown in Figure 6.3.  This fuel cell contains the dual stream 
independence of a conventional laminar-flow fuel cell coupled with the analytical capability of 
our microfluidic hydrogen fuel cell.  This fuel cell can be seamlessly integrated with parts from 
our existing microfluidic fuel cell by simply swapping the electrolyte chamber, allowing for 
electrode testing in both microfluidic and laminar-flow fuel cell configurations. 
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Figure 6.3: H2-powered laminar flow fuel cell 
This version of the cell was tested using the acid-base Pt/Pt setup discussed previously.  
Figure 6.4a shows the polarization curves for an acid-base (3 M H2SO4 - 3 M KOH) setup, along 
with polarization curves for a normal fuel cell setup using either 3 M H2SO4 or 3 M KOH.  
While the normal fuel cell setups do not generate voltages above 1.1 V, the acid-base setup has 
an open-circuit voltage of 1.7 V, demonstrating that the two streams are not significantly mixing.  
Further evidence is shown in Figure 6.4b, where the two electrode plot shows that the cathode of 
the acid-base cell exhibits potential similar to an acidic cathode, while the anode of the acid-base 
cell exhibits potential similar to an alkaline anode.  If significant mixing was occurring in the 
cell, the cell polarization would be similar to that of a 3 M KHSO4 cell, similar to the behavior of 
the previous design at lower voltages (Figure 6.2).   The acid-base cell, due to the enhanced 
voltage, provides maximum power density at 1 V and generates up to 90% more power density 
than a conventional fuel cell.  The power density of 400 mW/cm
2
 is the highest performance 
from the microfluidic H2 fuel cell in the Kenis group to date. 
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Figure 6.4: (a) Polarization and power density curves and (b) two electrode plots as a function of 
current density.  Electrodes: Pt/Pt.  Electrolyte: 3 M KOH/3 M H2SO4.  Electrolyte flow rate: 0.3 
ml/min per stream.  H2/O2 feeds: 50 SCCM. At room temperature.   
 
6.2.3 Viability of acid-base configuration 
However, this acid-base configuration has the substantial disadvantage that H
+
 is consumed 
at the cathode and OH
-
 is consumed at the anode without any replenishment, unlike in a normal 
fuel cell.  To investigate the effects of this behavior on energy density, the energy density was 
calculated for a variety of setups using Equations 6.1 and 6.2: 
 
   
  
  
 (6.1) 
                     (6.2) 
  
Where: V = cell voltage (V) 
ΔH = heat of reaction, based on change in enthalpy (kJ/mol) 
n = number of electrons per molecule = 2 for H2  
  F = Faraday’s constant = 96,485 C/mol 
  C = fuel concentration (mol/L) 
 
Table 6.1 shows the results for each setup, assuming a 22.6 mol/L storage density for H2 in metal 
hydrides.  The default H2-air setup stores hydrogen with a 22.6 mol/L efficiency and generates 
an energy density for the fuel of 6,400 kJ/L.  While the H2-H
+
-OH
- 
setup yields a much higher 
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voltage than the H2-air setup, the overall energy density drops to 1,500 kJ/L due to the greatly 
decreased efficiency of storing OH
-
 and H
+
 in addition to the H2 fuel.  This energy density is 
much closer to that of a lithium battery, rendering the acid-base setup impractical for portable 
power generation. This setup still has applications for analytical applications, where a larger 
voltage range is very valuable. 
 An alternate configuration that shows promise is using H2O2 at the cathode.  H2O2, while it 
only produces 2 e
-
, has the advantage of being stored as a liquid with a theoretical maximum of 
40 mol/L (although the pure solution would not be used due to explosive peroxide formation) 
and providing a voltage increase of 0.51 V over an air cathode.  Table 6.1 shows that there is 
only a modest penalty of 700 kJ/L for using a H2O2 cathode; if the fuel cell runs at a similar 
efficiency, this configuration shows promise for portable power applications.  In addition, H2O2 
does not contain carbon dioxide, so an alkaline electrolyte does not suffer losses over time from 
carbonation.  The acid-base configuration with H2O2 shows an improvement in energy density 
from 1500 to 1700 kJ/L, and also has analytical value.  
Table 6.1: Energy density of various H2 fuel cell setups 
Fuel cell  
Reactants per L 
(mol/L)
 
 
Voltage (V)
 
 
Energy density 
(kJ/L)  
H2-air  22.6  1.48  6400  
H2-H2O2
 
 15.0  1.99  5700  
H2-air-H
+
/OH
- 
   3.3  2.31  1500  
H2-H2O2-H
+
/OH
- 
   3.0  2.82  1700  
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6.2.4 NaBH4 contaminant analysis in the laminar-flow fuel cell 
The laminar-flow fuel cell has substantial advantages for analytical studies due to the largely 
independent electrolytes at each electrode.  This stream independence makes it suitable for 
studying NaBH4 contamination.  NaBH4 has gathered attention as a potential fuel due to its high 
voltage (1.64 V) and relatively fast kinetics.  NaBH4 is unstable at pH 7 or below, but remains 
stable at pH 14, making it suitable for an alkaline fuel cell.  However, possibly due to the fast 
kinetics, NaBH4 can be a potent cathode contaminant.  When NaBH4 contamination was 
examined in the microfluidic fuel cell, NaBH4 hydrolysis at the Pt anode prevented the study of 
any higher concentrations.  In addition, the hydrolysis destroyed a reference electrode and 
eliminated power generation from the cell.  When testing with the laminar-flow fuel cell, flowing 
1 M KOH + NaBH4 at the cathode and 1 M KOH at the anode did not result in hydrolysis, 
allowing for studies at the cathode. 
 The LFFC was tested with concentrations ranging from 0 M to 1 M NaBH4, with results 
shown in Figure 6.5.  Unfortunately, while Ag and Cu triazole showed substantial resistance to 
ethanol (Chapter 3), they both showed substantial overpotential losses in the presence of NaBH4.  
These losses are likely due to the stronger adsorption of NaBH4 on Au-group metals [14], so that 
the non-Pt nature of the catalyst is not an advantage in this case.  In fact, hydrolysis of NaBH4 on 
the Pt catalyst can be desirable compared to the alternatives of NaBH4 oxidation, which causes a 
mixed potential loss, or NaBH4 non-reactive adsorption, which blocks catalytic sites.  Thus, the 
current range of catalysts is not sufficient for NaBH4 tolerance based on the LFFC results. 
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Figure 6.5: Cathode overpotential curves for (a) Ag and (b) Cu triazole as a function of current 
density for varying NaBH4 concentrations when using a Pt anode.  Electrodes: Pt/Pt.  Electrolyte: 
1 M KOH + NaBH4 /1 M KOH.  Electrolyte flow rate: 0.3 ml/min per stream.  H2/O2 feeds: 50 
SCCM. At room temperature.   
 
6.3 Conclusions 
 We have developed a laminar-flow hydrogen fuel cell that is compatible with acid, base, or 
acid-base electrolytes.  The acid-base configuration is capable of higher power densities than 
either acid or base electrolytes independently, but suffers from a lower energy density as the 
result of requiring acid and base storage.  The laminar-flow fuel cell demonstrates independent 
flow behavior, which was used to demonstrate the low NaBH4 tolerance of Ag and Cu triazole 
while using a hydrogen anode.  In addition, we determined that a conventional Y-junction is 
unfavorable in a fuel cell and that a junction with two parallel streams (a = junction) improves 
stability. 
 Future work in this area includes testing of cathode oxidants (e.g. H2O2, KMnO4) with the H2 
anode to determine an efficient configuration.  The stability of the LFFC flow can improve by 
adding a membrane between the two streams; alternatively, a shorter channel reduces the 
diffusional distance of each stream into the other stream.  As well, contaminant studies for a 
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contaminant that is particularly sensitive to one electrode (e.g. NH3) can be conducted using the 
full current density of a H2-O2 fuel cell (or of a H2-H
+
-OH
-
-O2 fuel cell) to learn more 
information about the in-situ tolerance of electrode catalysts. 
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Chapter 7: Investigation of Fe-N-C cathode catalysts 
in microfluidic and laminar-flow fuel cells 
7.1 Introduction 
 Acidic media has been the standard for fuel cells since the development of robust Nafion 
membranes [1-3].  However, acidic media has greatly limited catalyst selection due to acid 
corrosion of most metals and poor cathode activity [1, 4-6].  More recently, Fe-N catalysts have 
emerged as strong alternatives to conventional Pt catalysis [7-10].  These catalysts show a great 
deal of promise and demonstrate tolerance to contaminants greater than that of Pt [8].  The high 
contaminant tolerance raises the possibility for non-H2 fuel cells operated with fuels such as 
methanol, ethanol, or sodium borohydride.  However, these catalysts have frequently been 
studied under RDE or high pressure O2 conditions, where performance may diverge sharply from 
applications using ambient pressure gases. 
 Alkaline media is emerging as an alternative to acidic media due to the advantages of 
improved cathode kinetics, improved carbon-based fuel oxidation, and improved catalyst 
stability [11, 12].  Although alkaline media brings its own disadvantages in terms of hydrogen 
anode losses and carbonate poisoning, it still holds niche applications where carbonate poisoning 
can be prevented via soda lime scrubbing [13], mitigated using a tolerant membrane [14], or 
mitigated using a flowing electrolyte [15].  There is a wide variety of cathode catalysts available 
in alkaline media, but these catalysts still generally trail behind the performance of Pt [16-18]. 
 We discuss here studies upon a Fe-N catalyst synthesized using a melamine precursor [7].  
These studies examine the performance of the Fe-N catalyst using convected O2 and air, and 
examine the effect of H2, methanol, ethanol, NaBH4, and NH3 contamination.  Studies are 
conducted in both acidic and alkaline media.  In addition, the effect of the Fe-N catalyst on fuel 
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cell fuel utilization and overall efficiency is discussed to aid the understanding of fuel cells 
beyond polarization and power density curves. 
 Experiments were conducted as stated in Section 4.2. 
7.2 Results and discussion 
7.2.1 Catalyst hydrophobicity 
The Fe-N catalyst initially was very hydrophobic, which hampered the wetting necessary for 
fuel cell operation.  The cell emitted electrolyte slugs and the electrodes did not rinse easily, with 
the water running off of the surface.  The catalyst was successfully used by activating the 
electrode in-situ by exposure to the sulfuric acid electrolyte for 1 h.  After this activation 
procedure, the electrodes successfully wetted and the cell functioned properly.  This activation 
procedure only activated some of the electrode area (Figure 7.1), but this procedure included all 
of the area required for the cell to function.  As a result, this activation procedure was used 
before the following experiments. 
 
 
Figure 7.1: Wetting of Fe-N (left) and Pt (right) electrode after short-term testing 
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With respect to membrane applications, the high hydrophobicity of the catalyst does not 
prevent performance due to the presence of a Nafion binder.  In fact, the hydrophobicity may 
prevent flooding at high current densities.  However, ion transport to the surface is still essential 
for cathode operation, and more Nafion may be required than would be needed with a Pt/C 
catalyst [7]. 
7.2.2 Effect of H2 crossover 
 H2 crossover is generally considered to be a minor problem for Pt cathodes, but it has not 
been heavily explored with Fe-N cathodes.  To investigate whether H2 crossover causes losses 
for the Fe-N cathode, the fuel cell was tested with three different thicknesses of electrolyte.  The 
electrolyte acts as barrier whose thickness determines the rate of H2 crossover; thus, a thinner 
electrolyte leads to more crossover.  The cathode overpotential results are shown in Figure 7.2a; 
the thinner 0.7 mm electrolyte yields the best performance, while the 2 mm electrolyte yields the 
worst performance.  However, fuel cells are known to perform better with a thinner electrolyte 
due to lower resistive (IR) losses.  The IR-correction method for single electrode plots [19], 
where the anode performance was kept identical between the three trials, was used to isolate the 
non-ohmic losses for each electrode.  The results in Figure 7.2b show a reversed order, where 2 
mm overpotential is the lowest and 0.7 mm overpotential is the highest.  This reversal is likely 
due to increased H2 crossover to the cathode, illustrating that Fe-N catalysts are at least slightly 
sensitive to H2 crossover.  This loss, although currently small, would increase under pressurized 
H2 conditions, posing a challenge for high power generation applications. 
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Figure 7.2: (a) Cathode overpotential and (b) IR-corrected cathode overpotential as a function of 
current density.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: Pt/C-
Fe-N/C.  H2/O2 feeds: 10 SCCM. At room temperature. 
7.2.3 Effect of oxygen supply 
Oxygen supply can play a major role in determining cathode performance.  Use of air yields 
lower performance than use of oxygen, but the level of performance drop is not consistent 
between catalysts.  This inconsistent change can lead to problems when taking catalysts out of a 
lab setup, which typically focuses on oxygen, and applying them in a commercial setup, which 
typically uses convected air.  The effect of oxygen supply was investigated for the Fe-N catalyst 
using 20 SCCM of air or 10 SCCM of O2.   20 SCCM was used instead of 25 SCCM (the 
stoichiometric equivalent in oxygen) to minimize the pressure differential across the cell, which 
has damaged electrodes in earlier trials.  Figure 7.3a shows the much higher power density when 
using 10 SCCM of O2 versus 20 SCCM of air; the power density drops by 60% when using air 
instead of O2.  Figure 7.3b demonstrates the substantial loss comes from the cathode.  While use 
of air instead of convected O2 is expected to cause fuel cell losses, the equivalent change for Pt is 
considerably smaller (Figure 7.3c).  This greater loss for Fe-N may be due to fewer catalytic sites 
causing greater mass transport losses at lower O2 concentrations. 
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Figure 7.3: (a) Cathode overpotential and (b) IR-corrected cathode overpotential as a function of 
current density.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: Pt/C-
Fe-N/C for (a) and (b).  H2/O2 feeds: 10 SCCM. At room temperature. 
 
 
7.2.4 Comparison to platinum 
 Any novel catalyst in acidic media should be compared to Pt, the standard high performance 
catalyst.  Pt is commonly used in acidic media due to high performance and relatively high 
durability in the presence of acid at typical ORR potentials (0.8-1.23 V vs SHE).  The Fe-N/C 
catalyst (2 mg/cm
2
) was compared to Pt/C (2 mg/cm
2
) in the microfluidic fuel cell.  Figure 7.4 
shows that Pt significantly outperforms the Fe-N catalyst by showing much lower overpotential.  
Specifically, the Fe-N shows both a higher ηkinetic by 0.12 V and a 83% higher Rohmic.  These two 
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changes combined show much lower kinetic activity and fewer catalytic sites for the Fe-N 
catalyst relative to the Pt catalyst.  Reducing Rohmic may be possible by structuring the electrode 
to improve access to catalytic sites or increasing the site density of the catalyst on the support, 
although the limitations of using an organometallic catalyst will likely lead to fewer active sites 
than a standard metal nanoparticle catalyst.  However, reducing ηkinetic is typically only altered by 
altering the structure of the catalyst itself, which is very difficult to tune with a pyrolyzed 
catalyst.  Increasing reactant concentration can be another way to reduce ηkinetic, but O2 pressure 
above atmospheric pressure adds substantial storage losses, particularly compared to the more 
affordable system with convected air mentioned previously. 
 
 
Figure 7.4: Cathode overpotential as a function of current density for Pt/C and Fe-N/C cathodes 
(2 mg/cm
2
 supported catalyst).  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  
H2/O2 feeds: 10 SCCM. At room temperature. 
 
In addition to the cathode overpotential, the effects of the Fe-N catalyst on overall cell 
performance were also studied.  While maximum power density analysis is most commonly 
used, other parameters, such as fuel utilization and voltage efficiency, are crucial to create a 
viable fuel cell system.  Fuel utilization, as defined here, is the % utilization of the fuel that goes 
toward the desired reaction, in this case power generation.  Equations 7.1 and 7.2 show the 
equations behind fuel utilization.   
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 (7.1) 
            (7.2) 
  
Where: I = current produced (mA/cm
2
) 
   Imax = maximum current possible for a given gas flow rate (mA/cm
2
) 
   n = number of electrons per molecule = 2 for H2  
   F = Faraday’s constant = 96,485 C/mol 
   NH2 = flow rate of H2 (mol/s) 
 
As an example, the microfluidic fuel cell would have 100% fuel utilization when generating 
1316 mA/cm
2
 with a 10 SCCM H2 feed.  The voltage efficiency is also vital for understanding 
the efficiency of a fuel cell (Equation 3): 
 
                    
 
    
 (7.3) 
      
  
  
 (7.4) 
 
 Where: V = cell voltage (V) 
    Vmax = maximum theoretical voltage (V) = 1.48 V for H2  
ΔH = heat of reaction, based on change in enthalpy (J/mol) 
 
For a H2-O2 fuel cell, the maximum theoretical voltage is 1.48 V; however, only 1.23 V (the 
value obtained by using ΔG instead of ΔH) would be attainable.  Many authors may use 1.23 V 
as the denominator, which is useful for comparing to other electrochemical systems (e.g. 
batteries) and producing larger efficiency numbers; however, 1.48 V is used here to compare to 
more general systems, such as engines.  This value directly translates into fuel efficiency, in that 
a fuel cell will turn this percentage of chemically stored power into usable electrical energy with 
the remainder being released as heat.  The fuel utilization and voltage efficiency are multiplied 
together to yield the overall efficiency.  As defined here, the overall efficiency ignores parasitic 
losses, such as energy used to pump electrolyte, and upfront losses, such as energy used to 
synthesize membranes, create electrodes, and form catalyst particles.  This definition allows for 
comparisons across different fuel cell systems. 
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 Fuel utilization and voltage efficiency were determined as a function of current density for a 
Pt/Pt fuel cell and a Pt/Fe-N fuel cell operating in acidic media.  Figure 7.5a shows that the Pt/Pt 
fuel cell can reach approximately 90% fuel utilization for gas flows up to 10 SCCM.  The 
maximum fuel utilization drops significantly for 20 SCCM, where the additional H2 is <90% 
utilized and even more for 50 SCCM, as the added gas does not contribute significantly to the 
current density achieved.  An alternate perspective is to investigate the highest utilization for a 
given current density, which naturally occurs for lower gas flow rates at lower current densities.  
The overall efficiency of the cell peaks at much lower values of 15-30% due to the low voltage 
efficiency at higher current densities.  While the efficiency values and thus effective energy 
density could be improved by reducing the gas flow rates, this change would substantially reduce 
power density.  This tradeoff is integral to fuel cell design; better catalysts expand the two values 
outward, while lower-performing catalysts aggravate existing losses in power density or overall 
efficiency. 
 
 
 
Figure 7.5: (a) Fuel utilization and (b) overall efficiency as a function of current density for 
varying gas flow rates.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: 
Pt/Pt.  H2/O2 feeds: 10 SCCM. At room temperature. 
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The Pt/Fe-N fuel cell shows substantially lower fuel utilization and overall efficiency at 
almost all points (Figure 7.6a).    The maximum fuel utilization for 2 SCCM is 85%, just short of 
that achieved with the Pt/Pt fuel cell; however, the maximum value drops significantly when 
using higher gas flow rates, even those as low as 5 SCCM.  The Pt/Fe-N fuel cell at 10 SCCM 
H2/O2 has a fuel utilization maximum 15% lower than the equivalent value for the Pt/Pt fuel cell 
at 20 SCCM H2/O2, illustrating that non-Pt cathodes can substantially reduce the usable gas feed 
to the cell.  The overall efficiency for the Pt/Fe-N fuel cell is much lower even at 2 SCCM 
(Figure 7.6b); this loss is due to greatly decreased voltage efficiency for the cell resulting from 
increased cathode overpotential.  In general, non-Pt cathodes will have lower efficiency, which 
will result in reduced voltage efficiency (if current is held constant), reduced fuel utilization (if 
cell voltage is held constant) or both. 
 
Figure 7.6: (a) Fuel utilization and (b) overall efficiency as a function of current density for 
varying gas flow rates.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: 
Pt/Fe-N.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
The Pt/Pt and Fe-N setups were compared at 2 SCCM and 10 SCCM (Figures 7.7a and 7.7b).  
Maximum fuel utilization was comparable for both setups at 2 SCCM; otherwise, the Pt/Pt setup 
greatly outperformed the Pt/Fe-N setup.  Maximum fuel utilization for the Pt/Fe-N setup at 10 
SCCM was approximately half that achieved by the Pt/Pt setup.  In addition, the use of the Pt/Fe-
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N setup caused substantial losses in voltage efficiency, resulting in overall efficiencies less than 
half of those found with the Pt/Pt setup.  These losses are smaller when using a better cathode 
catalyst, but use of alternate catalysts can cause substantial penalties to overall efficiency in 
addition to the reported power density losses. 
 
  
Figure 7.7: (a) Fuel utilization and (b) overall efficiency as a function of current density for 
varying gas flow rates.  Electrolyte: 1 M H2SO4.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: 
Pt/Fe-N.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
7.2.5 Methanol contamination 
 Alternate fuels, such as methanol or ethanol, offer higher energy density but have the 
disadvantages of inferior anode kinetics and fuel crossover relative to hydrogen.  Of those two 
problems, overpotential losses from fuel crossover can be reduced by proper cathode catalyst 
selection.  A Fe-N catalyst has been previously reported to have excellent methanol tolerance in 
a RDE experiment that ranged from 0-6 mA/cm
2
 [8].  However, RDE experiments are ex-situ 
and are often conducted under conditions of low gas flow, low current density, and higher pH 
that do not resemble an operational fuel cell [12, 19].  To see if this high apparent methanol 
tolerance appears under fuel cell conditions, the Fe-N electrode was tested with concentrations of 
methanol ranging from 0 M to 2 M in 1 M H2SO4.  Figure 7.8a shows that at lower current 
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densities ≤ 20 mA/cm2, the Fe-N electrode performs identically for methanol concentrations up 
to 2 M.  However, the Fe-N electrode shows voltage losses outside of this range, which increase 
as the concentration of methanol increases.  These losses are not discussed in RDE experiments, 
which do not predict many losses at higher current densities.  Upon exposure to methanol, the 
cell shows a 50 mV overpotential increase in ηkinetic (Figure 7.8b); further increase in the 
methanol concentration appears mainly as an increase in Rohmic, which increases by 36% when 
methanol concentration increases from 0.1 M to 2 M.  Typically, fuel crossover is signified by an 
increase in ηkinetic, so the increase in Rohmic may signify that losses are due to methanol 
adsorption, as opposed to methanol reaction at the cathode.  These losses at higher current 
densities illustrate that testing in fuel cells is essential to identify losses for a specific catalyst. 
 
  
Figure 7.8: (a) Polarization and power density curves and (b) cathode overpotential as a function 
of current density for varying methanol concentrations in addition to 1 M H2SO4.  Electrolyte 
flow rate: 0.6 ml/min.  Electrodes: Pt/Fe-N.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
7.2.6 Use in alkaline media 
Alkaline media is emerging as an alternative to acidic media, holding niche applications for 
when the electrolyte stability is not a major issue.  To explore the full potential of the Fe-N 
catalyst, the microfluidic fuel cell was tested with 1 M KOH using Pt/Pt, Pt/Ag, and Pt/Fe-N 
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setups.  Figure 7.9a shows the polarization and power density curves for each setup.  Although 
the Pt setup performs the best, the Fe-N setup performs nearly as well, particularly in the lower 
current density regions, and generates 91% of the Pt maximum power density.  The Ag cathode 
generates 81% of the Pt power density and shows a much larger drop from the initial cell voltage 
than the Fe-N or Pt catalysts.   
  
Figure 7.9: (a) Polarization and power density and (b) cathode overpotential as a function of 
current density for varying gas flow rates.  Electrolyte: 1 M KOH.  Electrolyte flow rate: 0.6 
ml/min.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
The cathode overpotential curves in Figure 7.9b show the significantly higher value of ηkinetic 
for Ag of 0.43 V, as compared to the values of 0.35 V and 0.36 V for Pt and the Fe-N catalyst, 
respectively.  This low voltage loss for the Fe-N catalyst shows a great deal of promise for the 
catalyst as a Pt replacement, as Rohmic is typically easier to increase through loading, catalyst site 
concentration, and quantity of binder.  The Fe-N catalyst does suffer from a higher Rohmic of 0.75 
Ω-cm2 relative to the Ag and Pt values of 0.61 and 0.50 Ω-cm2, respectively.  The elevated Rohmic 
value for the Fe-N catalyst may be due to the fewer catalytic sites on the catalyst as compared to 
metal nanoparticle catalysts, which naturally have many active sites on the surface of each 
particle.  This combination of a lower ηkinetic and higher Rohmic makes the Fe-N catalyst 
particularly well-suited for high voltage efficiency applications where the cell is operated at a 
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lower current density.  Although Ag was inferior to the Fe-N catalyst at the points tested, Ag 
may be better-suited for higher current densities; however, catalyst development is overall more 
promising for Fe-N due to the lower ηkinetic. 
The Fe-N catalyst was also tested at different KOH concentrations to determine if pH has a 
beneficial effect on performance.  Figure 7.10 shows the overpotential for the Fe-N cathode in 
the presence of 1, 3, and 5 M KOH.  The Fe-N electrode yielded the lowest overpotential with 5 
M KOH; however, all three KOH concentrations yielded the same ηkinetic.  The improved 
performance stems from a Rohmic value reduced from 0.92 Ω-cm
2
 for 1 M KOH to 0.53 for 5 M 
KOH.  While this performance may appear to be due to improved electrolyte conductivity, the 
change is evenly split between the 1 → 3 M KOH and 3 → 5 M KOH changes.  The electrolyte 
conductivity increases by 150% for going from 1 M to 3 M KOH, but the change from 3 M to 5 
M KOH is only about 10%.  The cause may stem from reduced electrode resistance from 
improved KOH permeability at higher concentrations.  This rationale follows from the high 
hydrophobicity discussed in Chapter 4.  Another possible cause for improved performance at 
higher pH (lower [KOH]) may be due to altered adsorption energy and intermediate stability.  
This explanation was demonstrated for Ag, which has similar electronegativity to Fe, by other 
researchers [20]. 
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Figure 7.10: Cathode overpotential as a function of current density for varying KOH 
concentrations.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: Pt/Fe-N.  H2/O2 feeds: 10 SCCM. 
At room temperature. 
  
 In the context of LFFC experiments, it is important to note that the cathode potential at 5 M 
KOH is not lower than the cathode potential at 1 M KOH relative to the reference electrode.  The 
cathode overpotential at 5 M KOH is lower than 1 M KOH because the theoretical potential for 
the ORR becomes lower as the pH of the solution increases.  However, running a LFFC with 5 
M KOH at the cathode and 1 M KOH at the anode will not result in improved performance, as it 
is the potential, not the overpotential, that matters in a cell with two different electrolytes.  While 
tailoring the composition of the cathode electrolyte may yield performance improvements, those 
improvements would have to be on an absolute scale.  Comparisons based solely on 
overpotential are only valid for a fuel cell that has a single electrolyte. 
7.2.7 Ethanol contamination 
 Although the Fe-N catalyst outperforms Ag under standard alkaline conditions, its 
performance in the presence of contaminants has not been the subject of many studies.  A 
significant advantage of Ag over catalysts such as platinum is the high selectivity of Ag for the 
ORR over competing reactions, such as ethanol oxidation.  While the Fe-N catalyst would be 
expected to have higher selectivity than Pt, similar to the Cu triazole catalyst, its performance in 
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the presence of ethanol contamination has not been determined in alkaline media.  Previous 
ethanol contamination experiments have been hindered by ethanol poisoning at the anode, which 
blocks the much faster H2 oxidation reaction.  To counteract this difficulty, the laminar-flow fuel 
cell setup was used to contain the ethanol at the cathode.  Since the degradation thus only occurs 
at the cathode, power density curves can be used to compare the effect of contamination, in 
addition to cathode overpotential.  The Fe-N cathode was tested in the LFFC with 1 M KOH 
containing ethanol concentrations ranging from 0 M to 2 M.  Figure 7.11a shows the effect of 
increasing ethanol concentration; power density is maintained for up to 0.5 M EtOH, but drops 
by 6% for 1 M EtOH and 20% for 2 M EtOH. 
 
  
Figure 7.11: (a) Polarization and power density and (b) cathode overpotential as a function of 
current density for varying gas flow rates.  Electrolyte: 1 M KOH.  Electrolyte flow rate: 0.6 
ml/min.  H2/O2 feeds: 10 SCCM. At room temperature. 
 
Figure 7.11b shows the resulting overpotentials; the Fe-N catalyst gives similar performance 
up to 0.5 M EtOH and only a small increase at 1 M EtOH, but shows a large increase in ηkinetic at 
2 M EtOH.  This overpotential increase occurs in contrast to Ag, which is tolerant up to 5 M 
EtOH at these conditions (Chapter 3).   
Under standard fuel cell conditions, where the fuel is separated from the cathode by a liquid 
electrolyte or a solid membrane, tolerance up to 0.5 M EtOH would typically be enough.  
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However, for a mixed-media design where fuel and electrolyte is mixed in a single central 
stream, the lower tolerance of the Fe-N catalyst make it unsuitable relative to Ag for those higher 
concentrations (up to 5 M EtOH).  Since the overpotential loss appears in the form of increased 
ηkinetic, the ethanol is reacting at the electrode, in contrast to the result for methanol in acidic 
media. This change is likely due to improved alkaline media alcohol oxidation kinetics; while 
these improvements are good for the anode, they are detrimental at the cathode.  The reaction of 
ethanol at the cathode is an additional reason to prefer Ag at higher EtOH concentrations, as this 
reaction would incur an effective energy density penalty from the wasted ethanol. 
7.2.8 Borohydride contamination 
 
 Although borohydride in the electrolyte causes hydrolysis and cell failure in the microfluidic 
fuel cell, the H2-powered LFFC allows for testing of cathodes while the anode is exposed to 
standard KOH electrolyte.  In our previous work, cathodes using Pt, Ag, and Cu triazole catalysts 
performed poorly when exposed to 0.1 M NaBH4 (Chapter 6), showing significantly increased 
overpotential.  The overpotential increase was attributed to reaction of NaBH4 on Pt and 
adsorption onto the Au-group metals Ag and Cu.  The Fe center in the Fe-N catalyst is not 
known to have either of these disadvantages, so it was tested in the LFFC with 1 M KOH + 
varying NaBH4 concentrations at the cathode and 1 M KOH at the anode.  Figure 7.12 shows the 
resulting cathode overpotentials; the Fe-N catalyst shows good tolerance to the NaBH4 
contaminant up to 0.2 M, with minimal performance degradation.  This strong performance 
demonstrates that the Fe-N catalyst could be superior to Pt in a NaBH4 fuel cell, particularly a 
mixed-media cell. 
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Figure 7.12: Cathode overpotential as a function of current density for varying NaBH4 
concentrations.  Electrolyte flow rate: 0.6 ml/min.  Electrodes: Pt/Fe-N.  H2/O2 feeds: 20 SCCM. 
At room temperature. 
7.2.9 Ammonia contamination 
 The final contaminant discussed here is ammonia.  Ammonia is best known as an ingredient 
in fertilizer, but is also a potential hydrogen source (2NH3 → N2+3H2) [13].  At elevated 
temperatures > 200°C, ammonia can also be used as a CO2-free fuel in specially designed 
alkaline fuel cells [21].  However, ammonia can also be a potent contaminant in a fuel cell, either 
by buildup from atmospheric contamination or by leakage of unreacted ammonia on the anode 
side of the fuel cell.  This ammonia contamination can cause substantial losses in a fuel cell.  
When the microfluidic fuel cell was tested with a Pt/Pt setup, exposure to 0.1 M NH3 in the 
electrolyte caused >90% open circuit voltage loss and the cell did not function.  Thus, the LFFC 
setup was used to determine if the losses were caused by anode or the cathode.  When using NH3 
in the cathode stream and uncontaminated KOH in the anode stream, the cell worked properly; 
this discovery indicates that Pt anodes are strongly poisoned by NH3.  While the anode 
performance would possibly be improved by using PtRu instead of Pt, which would facilitate 
adsorption of OH
- 
groups
 
needed to remove protons from NH3, the focus of this study is on 
cathodes. 
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 To examine the difference between Pt, Fe-N, and Ag in the presence of NH3 , the LFFC was 
operated with 0, 0.01, or 0.02 M concentrations of NH3 at the cathode in addition to the 1 M 
KOH used at both electrodes.  Figure 7.13 shows the resulting cathode overpotentials; the least 
tolerant electrode was Pt, with a 20 mV increase in ηkinetic in the presence of 0.02 M NH3.  The 
Fe-N electrode was considerably more tolerant, with a minimal increase in ηkinetic.  Likewise, the 
Ag electrode was insensitive to the presence of NH3 at this low concentration.  The advantage of 
Fe-N over Ag in this scenario is the lower overpotential of Fe-N.  As these contaminant 
experiments have shown, the combination of lower overpotential than Ag and higher selectivity 
than Pt make the Fe-N catalyst a strong choice for fuel cells with a potentially high level of 
contamination. 
 
 
Figure 7.13: Cathode overpotential as a function of current density for varying NH3 
concentrations.  Electrolyte: 1 M KOH + varying NH3.  Electrolyte flow rate: 0.6 ml/min.  H2/O2 
feeds: 20 SCCM. At room temperature. 
7.3 Conclusions 
A Fe-N catalyst was tested under a wide variety of conditions in acidic and alkaline media.  
H2 and methanol crossover were demonstrated to cause losses in acidic and alkaline media.  
Overall cell efficiency was at most half of that generated by Pt in acidic media.  In alkaline 
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media, the Fe-N catalyst yielded performance similar to Pt.  The Fe-N catalyst also displayed 
higher tolerance than Pt in the presence of ethanol and NH3 =, along with much higher tolerance 
than Ag or Pt in the presence of NaBH4.  This combination of high performance and high 
selectivity makes the Fe-N a strong choice for a wide variety of high contamination situations in 
alkaline media. 
Future work with the Fe-N catalyst would focus on different forms with a higher N to C ratio 
and forms with more active sites.  The tolerance of the catalyst to other contaminants in acidic 
media (ammonium, ethanol) is an area for study.  In addition, testing in direct alcohol or 
borohydride fuel cells in alkaline shows promise as a means for high energy density portable 
power.   
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Chapter 8: Summary of accomplishments and future 
directions 
8.1 Summary of accomplishments 
 Using the microfluidic fuel cell as an analytical platform and power source, the focus of this 
doctoral work has been: 
 Comprehensive analysis of ethanol and byproduct contamination in alkaline fuel 
cells for a variety of catalysts and operating conditions.  Ethanol contamination 
appears both directly from ethanol and indirectly from products such as acetic acid and 
carbonates, which can all have differing effects on fuel cell performance.  Ag is 
substantially more tolerant of ethanol contamination than Pt and Cu triazole, but loses 
some tolerance at higher pH or lower O2 supply.  Acetic acid contamination can 
substantially reduce anode performance.  This work has yielded valuable results for 
optimal catalyst selection in the presence of ethanol contaminants under realistic fuel cell 
conditions. 
 Optimization and understanding of the role of hydrophobicity in alkaline fuel cells 
for improving anode performance.  Preventing backing layer flooding by selecting a 
properly hydrophobic backing layer is key for good performance.  PTFE wt%, Nafion 
wt%, and catalyst loading all play a significant role in determining fuel cell performance.  
When optimized, an alkaline fuel cell can have 4x higher power density, but this 
performance is still lower than the equivalent acidic fuel cell.  These results provide key 
guidelines for high performance electrode synthesis for alkaline media. 
 Analysis of known and novel cathode catalysts in acidic and alkaline media.  Fe-N 
outperformed other catalysts in both acidic and alkaline media.  Crossover was shown to 
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play a major or negligible role for known (Ag) and unknown (Cu triazole, CuTPA, Fe-N) 
catalysts, depending on the catalyst composition and operating conditions.  Use of an 
underperforming catalyst can cause a severe penalty in both H2 utilization and overall cell 
efficiency.  The trends shown here aid catalyst selection for a wide variety of fuel cells 
beyond those fueled by H2. 
 Development of a laminar flow-fuel cell and demonstration of its power generation 
and analytical capabilities.  A H2-powered laminar-flow fuel cell was successfully 
developed with the capability for two independent streams.  This capability was 
demonstrated by using an acidic catholyte and an alkaline anolyte, which greatly 
increased power generation.  While this configuration had limited viability due to low 
energy density, it showed promise for analytical studies.  The stream independence was 
also successfully tested by examining NaBH4 at the cathode while using KOH at the 
anode.  The development of this fuel cell offers substantial promise for alternate H2 fuel 
cell configurations, individual electrode optimization, and independent contaminant 
studies. 
8.2 Future directions 
Fuel cells are a field rich with ideas and potential applications.  Several ideas, building from 
the research presented here, hold promise as future projects: 
Use of ionic liquids for higher temperature operation and tunable properties 
Room temperature ionic liquids are emerging as potential electrolytes due to their low vapor 
pressure and capacity for chemical alteration. As such, they represent a hybrid between liquid 
electrolytes, which do not require special electrolyte-catalyst interfaces, and solid membranes, 
which have tunable properties based on the composition of the polymer chains.  Ionic liquids 
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also have the ability, unlike membranes, to be operated at temperatures > 200°C due to their 
elevated boiling point.  Ionic liquids can also be designed to stabilize intermediates on a catalyst 
surface.  Ionic liquids naturally have substantial disadvantages as well; high cost can be a major 
limitation, along with low conductivity, imperfect purity and complicated synthesis.  However, 
some of these disadvantages can be overcome by tailoring the chemistry or reaction conditions; 
for instance, low conductivity can be offset by elevated temperature, which improves both 
electrolyte conductivity and electrode kinetics. 
The possibilities for ionic liquids are nearly limitless in number, if not in practicality.  For 
acidic media, simple ammonium-based ionic liquids have been used in the past; one such 
example is ethylammonium nitrate, which is proton-conducting, has a conductivity of 20 mS/cm 
(versus 80 mS/cm for Nafion) and has a boiling point of 240°C.  This liquid could be used with 
alternate catalysts such as the Fe-N catalyst to yield better performance.   Alkaline counterparts 
are more difficult to find, as hydroxides and carbonates frequently have very high melting points.  
However, a longer-chain asymmetric organic base, such as oleate (the conjugate base of oleic 
acid), has the potential for room temperature liquidity and alkalinity.  In preliminary testing, 
oleylammonium oleate (oleic acid mixed with oleylamine) was liquid at room temperature.  
Hydrophobic ionic liquids may have disadvantages in terms of staying confined within the cell, 
but they can facilitate water removal from electrodes. 
Suggested work would be to use the microfluidic and especially laminar-flow fuel cells with 
these ionic liquids, which are compatible with specially designed reference electrodes. The 
analytical knowledge contained within this thesis could be used in conjunction with experimental 
results to tailor the design of the ionic liquid for the catalyst and application at hand.  For 
instance, the laminar-flow fuel cell could be used with a hydrophobic ionic liquid at the water-
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generating electrode and a more hydrophilic ionic liquid at the other electrode to prevent 
flooding.  Expanding the design envelope from solid membranes and aqueous electrolytes offers 
many possibilities to meet the energy demands of the present and future. 
Exploration of ethanol and NaBH4 fuel cell system design 
Ethanol and NaBH4 are two fuels that are relatively unexplored relative to the more common 
fuels H2 and methanol. Use of liquid fuels has the capacity to greatly increase the energy density 
of a fuel cell.  Following from this work, a study of ethanol and NaBH4 fuel cells would focus on 
(i) anode catalysis, (ii) optimization of system architecture, and (iii) efficiency considerations.   
(i) Anode catalysis would include study of known anode catalysis, as well as collaborative 
efforts to obtain others.  For ethanol, some examples are PtSn, PdSn, PdSnRu, and PdSnRuIr – 
but many of these catalysts may not catalyze full 12 e
-
 oxidation, so product analyses through 
titration or gas chromatography are necessary.  For NaBH4, some examples are Au, AuCu, AuPt, 
and PtNi. 
(ii)  NaBH4 can be used in a liquid-liquid laminar-flow fuel cell, a mixed-media fuel cell, or a 
membrane fuel cell.  Ethanol, in addition to those options, can also be used in a vapor-liquid 
laminar-flow fuel cell.  The cathode catalyst selectivity plays a major role in whether the mixed-
media design is viable; with catalysts such as Ag and Fe-N, a fuel cell where the fuel comes 
directly in contact with the cathode is viable, up to a certain concentration. 
(iii) Practical energy density is the key variable, once basic polarization and power density 
curves are obtained.  Ethanol in particular is susceptible to incomplete oxidation, which yields 
only 1/3 energy density if the end product is acetic acid, not CO2.  Ethanol also consumes the 
electrolyte by generation of acetic acid and CO2, so additional electrolyte should be considered 
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as part of the fuel (or catalysis at pH < 14 should be developed).  NaBH4 energy density should 
be considered as the aqueous solution, unless a reliable system for utilizing the solid is 
developed.  In either cell, crossover losses would need to be quantified as well as overall 
efficiency.  Once these estimates are obtained, accurate comparisons to batteries or engines are 
possible.  The bulk of research focuses on the RDE/power density level of analysis, but the 
overall system analysis is also vital for real-world application. 
 
